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ABSTRACT
Rod and cone photoreceptors initiate vision by transforming light into graded membrane
voltage changes that in turn dictate the rate of continuous Ca2+-dependent neurotransmission to
postsynaptic neurons. Continuous release relies on synaptic ribbons at photoreceptor active zones,
which organize exocytotic proteins and deliver vesicles to release sites near voltage-gated Ca2+
channels. Individual cones possess multiple ribbon synapses at which they contact postsynaptic
neurons. We examined heterogeneity in signaling at individual ribbon synapses in salamander
cones by measuring the voltage dependence of Ca2+ currents (ICa) and Ca2+ influx at individual
ribbon release sites. Ca2+ signals at individual ribbons varied more in amplitude and voltage of halfmaximal activation (V50) than whole-cell ICa, suggesting that Ca2+ signals differ significantly
between individual ribbons within cones. The ability of ribbons to function independently was
further demonstrated by showing that inhibitory feedback from individual horizontal cells (HCs)
affected Ca2+ dynamics at certain ribbons but not others within a single cone. Individual ribbon
synapses operating independently from one another broadens the range of transformations available
to cones in the transmission of light responses to downstream neurons.
Rods and cones release vesicles with higher sensitivity and a shallower exponential
relationship to presynaptic Ca2+ than most neurons. These characteristics are typically attributed to
properties of the vesicular Ca2+ sensor that triggers release. By conditionally deleting
Synaptotagmin 1 (Syt1) from rods and cones, we show that Syt1 is the chief Ca2+ sensor that
operates in mouse photoreceptors. Removal of Syt1 reduced b-waves but not a-waves of the
electroretinogram (ERG) and diminished fast exocytosis evoked by brief depolarizing steps as
evaluated by single-cell recordings. Slower and spontaneous forms of release were not eliminated,
suggesting that other Ca2+ sensors are also present. Synaptic anatomy was unaltered in Syt1 mutant
mice, suggesting that synapse development and maintenance occur in a Syt1-independent manner.
Our results indicate that Syt1 is essential for the transmission of light responses across

photoreceptor synapses and suggest that the Ca2+ dependence of release can be shaped by factors
other than the intrinsic properties of the Ca2+ sensor.
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CHAPTER 1: Introduction
The studies presented in this dissertation focus on the mechanisms of photoreceptor
communication. Photoreceptors share many important characteristics with other neuronal cell types
in the brain, but also differ in ways that confer unto them a unique physiology. Photoreceptors
interact with many cells within the retina that utilize specialized mechanisms to help extract
important components of a visual scene before the information is transmitted to the brain. The
introduction will describe some key properties of photoreceptor synapses and retinal physiology
that are critical to understanding the experiments and results described in Chapters 2 and 3.
Basics of vision
Basic eye anatomy
Although eyes come in many forms and vary considerably in complexity throughout the
animal kingdom, all eyes are specialized to transform visual signals into neuronal substrates that
the organism can comprehend and use to dictate behavior (Fernald, 2000). The anatomy of the eye
is relatively consistent among vertebrates in that structures that focus light, the cornea and lens, are
in the anterior eye while the light-absorbing neural structure, the retina, lines the back of the globe.
From the retina, neuronal signals are passed through the optic nerve to the brain where information
is further parsed and interpreted. Conscious and unconscious responses to these signals are the
ultimate result of visual processing.
Retinal anatomy
The highly simplified illustration in Fig. 1 demonstrates the lamination of the retina, the
key neuronal cell types present in each layer, and the direction of information flow through the
retina. Molecules in the outer segments of photoreceptor cells absorb photons of light, initiating
phototransduction, the process of converting visual stimuli into neuronal signals. Seemingly
paradoxically, photoreceptors lie in the outermost layer of the retina, and consequently, light must
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pass through the other layers of translucent retinal neurons before reaching them. The visual
transduction cascade requires the support of the retinal pigment epithelium (RPE), the densely
pigmented and opaque layer beyond the retina that absorbs light not absorbed by photoreceptors.
Among other roles, the RPE is necessary to regenerate pigment used by photoreceptors for visual
transduction. RPE dysfunction and degeneration leads to visual disorders that can cause
photoreceptor degeneration and blindness (Strauss and Helbig, 2011).

Figure 1: Illustrations of the arrangement of the major retinal circuits, cell types, and layers. Right
image shows a hematoxylin and eosin stain of a human retina. Middle and right images reproduced
from Kolb (1995), with permission.
As shown in Fig. 1 (bold arrow in left panel), the simplest route for information flow in the
retina is “vertical”: from photoreceptors to bipolar cells to ganglion cells. In reality, this
communication is profoundly shaped interactions with other cell types including lateral inhibitory
neurons known as horizontal and amacrine cells. Ganglion cells are the final cells in the retina to
receive visual inputs. Ganglion cell axons comprise the optic nerve, which delivers the retinal
message to the brain. Proper ganglion cell function is vital for normal vision, as damage to the optic
nerve is responsible for vision loss in pathological conditions such as glaucoma.
Photoreceptors consist of two main subtypes: rods and cones. Rods are responsible for
vision in dim light and are capable of signaling the absorption of a single photon in complete
darkness (Sampath and Rieke, 2004; Tinsley et al., 2016). Cones transmit visual signals in brighter
light and are responsible for color vision. Retinas of primates and many hunting species contain a
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small, high-acuity area of retina upon which images are focused, called the fovea. The fovea is
densely packed exclusively with cones, while rods predominate outside the fovea throughout the
peripheral retina. In most mammals, rods outnumber cones by at least 10:1, but this ratio climbs to
around 200:1 in some nocturnal species (Peichl, 2005).
In the outer plexiform layer, rods and cones form glutamatergic synapses with horizontal
cells (HCs) and bipolar cells (BCs). Mice possess a single HC type, though most mammalian
species contain two subtypes (Chapot et al., 2017). HCs are laterally-interacting neurons that both
receive excitatory signals from and feed inhibitory signals back to photoreceptors. Their processes
extend only within the outer plexiform layer, so they do not mediate vertical neurotransmission.
There appear to be 15 BC subtypes in mouse (Shekhar et al., 2016), with similar numbers
in other species. BCs can be classified as either ON or OFF, depending on whether they are
depolarized by light onset or offset, respectively. There is a single distinct ON-type rod bipolar cell
(RBC) and 14 molecularly distinct subtypes of cone bipolar cells (CBCs) with an equal mixture of
ON and OFF subtypes (Shekhar et al., 2016). It is thought that these different CBC subtypes exhibit
distinct response properties and that, in most cases, an individual cone contacts all of these subtypes
simultaneously (Wässle et al., 2009). This arrangement indicates that different aspects of the cone
signal are transmitted via at least 14 distinct and parallel channels to the inner retina (Masland,
2012). These different BC pathways convey unique information about the features of a visual scene
(Awatramani and Slaughter, 2000; DeVries, 2000; Ichinose et al., 2014; Ichinose and Hellmer,
2016; Lindstrom et al., 2014). Rods and cones were classically understood to synapse exclusively
with RBCs and CBCs, respectively, but in reality this rule is often violated in the mammalian outer
plexiform layer (OPL) (Behrens et al., 2016; Hack et al., 1999; Pang et al., 2010; Tsukamoto and
Omi, 2014).
BCs form excitatory synapses onto amacrine and ganglion cells in the inner plexiform
layer. Amacrine cells are laterally-interacting cells in the inner plexiform layer. There are dozens
of amacrine cell subtypes of varying physiology, including cells that exhibit ON, OFF, ON-OFF,
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sustained, and transient light responses (Masland, 2012). All amacrine cells appear to release the
inhibitory transmitters GABA or glycine but most can also release other agents such as dopamine,
acetylcholine, neuropeptides, and even the excitatory neurotransmitter glutamate (Marshak, 2016).
Amacrine cells can contact presynaptic bipolar cell terminals to modulate their release and also act
directly on ganglion cells postsynaptically to shape ganglion cell responses. Interestingly, in the
“primary” rod signaling pathway that is most active at the lowest light levels, rod bipolar cells do
not convey signals directly to ganglion cells but instead rely on AII amacrine cells to relay RBC
signals indirectly to ganglion cells through gap junctions to ON CBCs and through glycinergic
inhibition of OFF CBCs (Demb and Singer, 2012).
Ganglion cells, the output neurons of the retina, are anatomically diverse and encode visual
stimuli heterogeneously (Sanes and Masland, 2015). Like amacrine cells, ganglion cells can be
classified as ON, OFF, or ON-OFF cells (Hartline, 1938; Kuffler, 1953). But they can be further
subclassified by specific response properties as well as by distinctive morphological characteristics.
For example, some are excited exclusively by full field stimuli while others are excited exclusively
by certain directions of stimulus movement; some have sustained responses to light and dark while
others respond transiently. Such response specificity is generated by a mix of excitatory and
inhibitory inputs from bipolar and amacrine cells. When considering both ganglion cell
morphological and functional diversity, there are at least 30 subtypes (Sanes and Masland, 2015).
The retina also contains non-neuronal glial cells known as Müller glia. These verticallyoriented cells span the retinal thickness; their “endfeet” form the internal limiting membrane at the
vitreoretinal interface and their more distal processes form the outer limiting membrane near
photoreceptor cell bodies. Müller glia promote ionic and metabolic homeostasis in the retina
(Newman and Reichenbach, 1996; Poitry-Yamate and Pournaras, 2011).
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Beyond the retina
The pathways that visual information—encoded by ganglion cell spikes—take after exiting
the eye are complex, and a significant amount of the brain is dedicated to receiving and decoding
visual signals. Axons bundled into the optic nerve project to multiple brain targets, including at
least 30 different regions in the primate brain (Van Essen, 1995). Major targets include the
dorsolateral geniculate nucleus and pulvinar, both located in the thalamus; pretectal nuclei; the
suprachiasmatic nucleus, a hypothalamic structure; and the superior colliculus.
Each of the pathways taken by ganglion cell signals have critical functions for light-guided
behavior and physiology. The pathway responsible for conscious vision—including the perception
of luminance, color, and motion—proceeds through the dorsolateral geniculate nucleus and to the
visual cortex in the occipital lobe. After processing in the visual cortex, signals are transmitted to
higher cortical centers, and the computations that occur at these late stages are complex. The
pretectal pathway is involved in coordinating the bilateral pupillary response to light. The
suprachiasmatic nucleus pathway is involved in dictating physiological changes in response to daynight (circadian) cycles, and the superior colliculus pathway is involved in coordinating head and
eye movements (Purves, 2018). These pathways, which allow us to respond consciously and
unconsciously to visual signals, involve complex interactions among numerous neuronal circuits.
The vast majority (but not all, see Berson, 2003) of visual perception begins with photoreceptors.
Photoreceptors
The unique anatomy of photoreceptors is illustrated in Fig. 2. The salient features include
lengthy outer segments dense with invaginations of cell membrane or stacked membranous disks;
outer segments are connected to the rest of the photoreceptor only by a narrow connecting cilium.
Other cellular compartments include an inner segment, a nucleus-containing cell body, a thin axon,
and a synaptic terminal. Photoreceptor anatomy varies among animal species, but the basic plan is
conserved. Amphibian photoreceptors are much larger than mammalian photoreceptors, with
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synapses close to or in the same compartment as the cell bodies (in rods and cones, respectively).
It is because of their large size that we chose to use amphibian photoreceptors for the experiments
described in Chapter 2. Generalized illustrations of an amphibian rod and the slimmer, more
delicate photoreceptors of mammals are shown in Fig. 2.

Figure 2: Photoreceptor anatomy. Illustration of an amphibian rod (left) and a mammalian rod
and cone (right). Left image reproduced from Fain et al., (2010), with permission.
Phototransduction begins with the absorption of light energy, in the form of photons, in the
outer segment. Densely-packed membrane folds or disks (Fig. 2A) house abundant molecules of
the protein opsin. Opsins are G protein-coupled receptors (GPCRs) that contain a covalently-bound
cofactor (retinal), a small organic molecule that can absorb light energy. Rods and cones with
differing spectral sensitivities possess different isoforms of opsin. Differences in only a few amino
acids among opsins confer to photoreceptors their differing spectral sensitivities, such that each
photoreceptor subtype has a specific wavelength at which it most efficiently absorbs photons (Gross
and Wensel, 2011). While the opsin in rods (rhodopsin) is most sensitive to light of wavelength
~500 nm, cone opsins in humans show peak sensitivities to short (S-cones, 415 nm), medium (Mcones, 530 nm), or long wavelengths (L-cones, 560 nm). Human cones each express only one of
these opsin types, so each cone in the human retina has a “preferred” color (Masland, 2012).
Interactions among cone signals within the retina and beyond give rise to color perception (Jacobs,
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2010; Neitz et al., 2011; Solomon and Lennie, 2007). Mutations in the rhodopsin protein are
commonly pathogenic, and over 100 rhodopsin mutations have been described that lead to
autosomal dominant retinitis pigmentosa, a degenerative blinding disease (Gross and Wensel,
2011).
Phototransduction
One of the best-characterized signaling cascades in biology is that which converts light
signals into neuronal signals. This process, which begins with photon absorption and ends with
photoreceptor membrane voltage (Vm) changes, defines a photoreceptor and is known as
phototransduction (Fig. 3). Through signal amplification, this remarkable signaling cascade confers
to rods the ability to reliably signal single photon absorptions (Field and Sampath, 2017; Tinsley et
al., 2016). For these signals to be relayed to subsequent neurons, Vm changes must be translated
into changes in neurotransmitter release; this process will be described further below.
Most neurons are hyperpolarized at rest due to the action of Na+/K+-ATPase, and
photoreceptors are no exception. This pump extrudes Na+ and takes up K+ in a process dependent
on energy generated from the hydrolysis of ATP. The chief permeant ion in neuronal membranes
is K+, and because its equilibrium potential is near -90 mV, neuronal membranes typically reside
around -70 to -90 mV. While photoreceptors are capable of a similar degree of hyperpolarization,
their resting state (darkness) is characterized by additional conductances that cause the Vm of darkadapted photoreceptors to reside near -40 mV.
What currents give rise to this continuous and relatively depolarized resting membrane
potential? A major contributor is cyclic nucleotide-gated (CNG) channels present in the outer
segment that are opened by the binding of cyclic GMP (cGMP). CNG channels are non-selective
cation channels that, when active, conduct an inward current (chiefly Na+). This inward cationic
flux counteracts the K+ currents (chiefly IKx) that hyperpolarize the cell in the inner segment. IKx
would largely dictate the resting Vm in the absence of CNG influence (Barnes, 1994; Gross and
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Wensel, 2011). Though CNG channels mediate the chief depolarizing current in darkness,
photoreceptor hyperpolarization is also limited by the voltage dependence of IKx and a
hyperpolarization-activated cation current, Ih. IKx, the outward K+ current, is suggested to be
mediated by KV2 channels in complex with KV8.2 (Gayet-Primo et al., 2018), that reverses near 80 mV and is maximal above -20 mV. Photoreceptor hyperpolarization due to IKx is therefore
limited to approximately -80 mV. Ih is an inward cation current mediated by HCN1 that reverses at
-50 mV and is maximal below -90 mV, and therefore limits the magnitude and duration of lightevoked hyperpolarization (Barnes, 1994; Barrow and Wu, 2009). The influence of a
hyperpolarizing current (IKx) at depolarized potentials and a depolarizing current (Ih) at
hyperpolarized potentials, along with CNG channel conductance, help to maintain the dark-adapted
rod near its optimal signaling Vm of approximately -40 mV (see later section on photoreceptor
synaptic Ca2+ channels) (Barnes, 1994).
The open state of CNG channels is highly sensitive to the level of intracellular cGMP
within the outer segment. How is the cGMP level regulated? A constant battle between cGMP
synthesis and destruction, mediated by the enzymes guanylate cyclase (GC) and phosphodiesterase
6 (PDE6), respectively, determines the intracellular concentration of cGMP. In darkness, cGMP
levels are high enough to keep many CNG channels open, conferring a substantial inward current
that contributes to a relatively depolarized photoreceptor Vm.
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Figure 3: The phototransduction cascade in a rod. Red elements inhibit/shut off phototransduction.
Blue elements represent regenerative factors that restore substrates.
For simplicity, the phototransduction process will be described for rods, which contain
rhodopsin. The cascade is very similar for cones, with the only difference being the opsin present
and some differences in specific isoforms of transduction proteins (Ingram et al., 2016). In
darkness, the pigment molecule bound to rhodopsin remains in its cis conformation (11-cis retinal
in mammals), and the G-protein coupled receptor activity of rhodopsin remains negligible. The
phototransduction cascade begins with the absorption of a photon’s energy by 11-cis retinal, which
causes its conformational change to all-trans retinal. This isomerization of the pigment induces a
conformational change in the protein, forming an activated GPCR known as Metarhodopsin II that
in turn binds to and activates the G protein transducin (Gt). Gt is a heterotrimeric G protein (i.e., it
is composed of a, b, and g subunits) whose activity, like all G proteins, is dictated by its binding to
GDP (“off” state) or GTP (“on” state). When Gt is initially bound by Metarhodopsin II it is GDPbound and inactive, but interaction with Metarhodopsin II causes it to quickly exchange GDP for
GTP, activating the protein. Activated transducin dissociates into the GTP-bound Gta and Gtbg
subunits (Gross and Wensel, 2011).
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Gta is an important molecule that links the photon absorption apparatus to membrane
voltage. GTP-bound Gta has high affinity for PDE6, and when the two molecules interact, the
catalytic activity of PDE6 increases exponentially. PDE6, one of the most kinetically efficient
enzymes known, quickly hydrolyzes cGMP into 5’-GMP, causing CNG cation channels to close
(Gross and Wensel, 2011). What began as absorption of a photon results in the reduction of inward
current and membrane hyperpolarization.
This process continues for as long as Metarhodopsin II survives, but in time rhodopsin
kinase phosphorylates key residues of the protein to inhibit its activity (Mendez et al., 2000); alltrans retinal also spontaneously dissociates to halt the cascade. When rhodopsin is phosphorylated,
a protein called arrestin can tightly bind rhodopsin and fully block the activation of Gt. Over time,
arrestin dissociates from apo-opsin and phosphatases remove phosphorylation groups, rendering
the protein again ready to bind photopigment (Gross and Wensel, 2011).
It is important to consider that, at any moment, the phototransduction cascade described
above occurs in equilibrium with the regeneration of the molecules that are required to begin the
process again once another photon is absorbed. How does this regeneration occur?
One of the key events that must occur is that rhodopsin must be regenerated into its dark
state with a bound molecule of 11-cis retinal primed to absorb another photon. “Spent” all-trans
retinal is converted to intermediates and is transported to the retinal pigment epithelium, where it
undergoes conversion back to its 11-cis form via the retinoid cycle. Once returned to the
photoreceptor, 11-cis retinal is rebound by vacant rhodopsin. In addition to the classical RPEmediated pathway, cones are also able to regenerate pigment utilizing Müller cells (Wang and
Kefalov, 2011), and recent evidence demonstrates that rods and cones are even able to regenerate
11-cis retinal directly within their own outer segments (Kaylor et al., 2017).
The cGMP/5’-GMP balance must also be restored to return CNG channels to their
conducting state. This is accomplished by two mechanisms: stimulation of GC and inactivation of
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PDE6. GC is activated by the drop in intracellular Ca2+ that occurs upon CNG channel closure.
PDE6 inactivation occurs indirectly, through the hydrolysis of GTP on the bound Gta. GTP
hydrolysis is accelerated by complexes of regulator of G-protein signaling (RGS) proteins unique
to photoreceptors. Both of these negative feedback mechanisms result in an increase in cGMP,
restoring the “dark state”. Hydrolysis of Gta-bound GTP is the rate-limiting step in photoreceptor
recovery from a light flash (Gross and Wensel, 2011).
One of the most remarkable properties of photoreceptors is their ability to adjust their
operating range over a wide range of light intensities, a process known as light adaptation (or dark
adaptation, depending on the changing of light conditions). Adaptation allows optimal
photoreceptor performance throughout a wide range of ambient luminance; if adaptation did not
occur, we would only be capable of vision within a relatively narrow window of lighting conditions.
Light adaptation is intuitive if one thinks about quickly transitioning from dark surroundings to
brightness: after a brief period of extreme brightness where few details of the visual scene are clear,
the visual system quickly adapts to the ambient luminance and vision quickly returns to normal.
Such rapid light adaptation is a feature of cones—responsible for vision in bright light—while rods
have a more restricted range over which they operate and saturate even in relatively dim light. Dark
adaptation, in which rods recover their ability to respond in the darkest conditions, occurs much
more slowly; again this is intuitive for anyone who has gone from bright surroundings into
prolonged darkness. While pupillary constriction and dilation also contributes to regulating the
amount of light that reaches the retina, this impact is surprisingly small, accounting for £1 of the 9
log unit range over which photoreceptors are capable of signaling, from roughly 10-4 cd m-2 in the
dimmest starlight to 105 cd m-2 in bright sunlight (Lamb, 2011).
There are numerous mechanisms that contribute to photoreceptor light adaptation. These
mechanisms reduce sensitivity and accelerate the decay of light-evoked currents and thereby reduce
the impact of light on photoreceptor Vm. Photoreceptors are therefore desensitized by light, such
that flash presented upon a background of ambient light will evoke smaller Vm hyperpolarization
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compared to the same flash in darkness; the photoreceptor will also spend less time in a
hyperpolarized state (in relation to the initial Vm). In this way, light itself propagates a negative
feedback loop and allows photoreceptors to avoid excessive hyperpolarization and response
saturation.
Two opposing mechanisms that regulate the cGMP/5-GMP balance are the chief
contributors to light adaptation (Koutalos et al., 1995). One is increased PDE activity by transducin,
which increases the rate of cGMP hydrolysis. However, as mentioned above, the reduction of
intracellular Ca2+ that occurs when Ca2+ conductance through CNG channels is reduced in light
also increases GC activity (Koch and Stryer, 1988; Lolley and Racz, 1982); the PDE and GC effects
counteract one another, accelerating response kinetics and reducing sensitivity (i.e., because
increased GC activity produces more cGMP, more PDE6 must be activated to produce an
equivalent degree of CNG channel closure) (Fain, 2011; Lamb, 2011).
In sum, the membrane voltage of photoreceptors depends on an ever-fluctuating balance
of molecules that interact within the phototransduction cascade. Adaptation modifies the activity
of mediators within the cascade to allow photoreceptors to extend their ability to accurately transmit
light signals range over a much wider range of luminance than they would be able to without it.
For a cellular phenomenon like membrane voltage to be transmitted into a neuronal substrate,
however, changes in Vm must be translated into changes in neurotransmitter release rate at the
photoreceptor synapse.
The photoreceptor synapse
Membrane

voltage

changes

evoked

by

phototransduction

propagate

through

photoreceptors, eventually reaching their distal terminals where their synapses are located. The
basic organization of photoreceptor synapses is conserved from lower vertebrates to humans.
Synapses in photoreceptor terminals are marked by the presence of synaptic ribbons, plate-like
structures where the presynaptic vesicle release machinery is clustered and where postsynaptic
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elements contact photoreceptors (Sterling and Matthews, 2005). In addition to these chemical
synapses that allow information to be propagated to second-order neurons, photoreceptors are also
electrically coupled to neighboring photoreceptors through gap junctions mediated by Connexin36 (O’Brien et al., 2012). Photoreceptors couple preferentially with cells of their own subtype
(cone-cone or rod-rod), but this electrical coupling allows some degree of cross-talk between rod
and cone pathways (Dowling, 2012). The degree of gap junction coupling varies among species.
Synaptic ribbons are a hallmark of certain types of sensory cells that encode information
in a continuous, graded, analog fashion instead of utilizing action potentials. These cells include
retinal photoreceptors and bipolar cells, cochlear and vestibular hair cells, and electrosensory cells
in some fish species (Sterling and Matthews, 2005). Photoreceptor terminals contain many
thousands of vesicles, whereas boutons of other CNS neurons typically contain only a few hundred
(Schmitz, 2009). Furthermore, unlike conventional synapses, most of the vesicles in ribbon
synapses are highly mobile and therefore capable of being rapidly recruited for release (Rea et al.,
2004).
Ribbons help to accommodate the exceptionally high rate of vesicle release required at
these continuously active synapses by serving as an apparatus to organize their structure. Ribbons
can tether numerous vesicles at once, shuttling them to the active zone and priming them for
exocytosis (Snellman et al., 2011). Direct visualization of exocytosis has shown ribbon sites to be
the primary loci of vesicle release, although rods are also capable of significant release at nonribbon sites (Chen et al., 2013; Zenisek et al., 2000). An illustration of mammalian rod and cone
terminals and their ribbon synapses is shown in Fig. 4.
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Figure 4: Photoreceptor terminals contact postsynaptic cells at ribbon synapses. Figure adapted
from Rogerson et al., (2017), with permission.
The major structural component of ribbons is the protein RIBEYE. RIBEYE contains a
ribbon-specific A domain that promotes homotypic interactions among RIBEYE molecules that
allows ribbon formation. Somewhat surprisingly, the RIBEYE B domain is identical to the
transcriptional repressor CtBP2. Indeed, RIBEYE and CtBP2 are transcribed from the same gene
and are mere splice variants of one another that utilize unique promoters (Fig. 5). While typical
mammalian rods contain one large ribbon, cones contain many smaller ribbons (from 10 to 50,
Haverkamp et al., 2001); amphibian rods and cones both contain numerous ribbons (Sterling and
Matthews, 2005). In salamander, rods average seven ribbons per cell and cones average thirteen
ribbons per cell and therefore both cell types contact numerous postsynaptic cells simultaneously
(Bartoletti et al., 2010; Pang et al., 2008; Townes-Anderson et al., 1985; Van Hook and Thoreson,
2015). Ribbons are electron-dense and therefore easily identifiable in electron microscopy and are
commonly identified immunohistochemically with antibodies to CtBP2. Ribbons can also be
identified and imaged in live cell experiments using fluorescent RIBEYE-binding peptides
developed by Zenisek and colleagues (Zenisek et al., 2004).
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Figure 5: Alternative splicing of the CTBP2 gene generates both a transcription factor and RIBEYE.
Reproduced from Schmitz et al., (2000), with permission.
Calcium channels (CaV1.4 at the mammalian photoreceptor synapse) are densely clustered
immediately below ribbons, an arrangement that creates localized domains of high intracellular
Ca2+ ([Ca2+]i) at ribbon sites upon photoreceptor depolarization (Cadetti et al., 2006; Lv et al., 2012;
Morgans, 2001; Specht et al., 2009). The close apposition of ribbon-bound vesicles and Ca2+
channels clustered below allows vesicles at the base of the ribbon to be released by the opening of
only a few Ca2+ channels (Bartoletti et al., 2011; Mercer et al., 2011). Vesicles closest to the
membrane are therefore the most likely to undergo exocytosis.
CaV1.4 channels
CaV1-containing Ca2+ channels are found at ribbon synapses where they mediate L-type
Ca2+ currents (ICa) that are sensitive to dihydropyridines (Pangršič et al., 2018; Zanazzi and
Matthews, 2009). No evidence for non-L-type channels in photoreceptors has been demonstrated
(Mercer and Thoreson, 2011). The predominant, if not only, Ca2+ channel subtype in photoreceptors
consists of a pore-forming a1 CaV1.4 subunit that co-assembles with accessory b2 and a2d4 subunits
(Pangršič et al., 2018). Like CaV1.2-mediated L-type currents in other tissues such as the heart,
these currents activate and deactivate rapidly, but CaV1.4 currents in photoreceptors activate at
more hyperpolarized potentials and show much slower inactivation than CaV1.2 channels.
Interestingly, mutations in CaV1.4 can lead to significant disruption of photoreceptor synapses,
leading to a human disease known as congenital stationary night blindness 2 (Bech-Hansen et al.,
1998; Strom et al., 1998). In this disorder, neurotransmission between photoreceptors and secondorder cells is significantly attenuated and the photoreceptor synaptic layer, the OPL, is disorganized
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with ectopic ribbon synapses and sprouting horizontal and bipolar cell dendrites in the outer nuclear
layer; ribbon morphology is also commonly altered (Chang et al., 2006; Haeseleer et al., 2004;
Kerov et al., 2018; Mansergh et al., 2005; Raven et al., 2008; Wang et al., 2017; Wycisk et al.,
2006b). Some studies have found that other Ca2+ channels including CaV1.3 channels are also
present in photoreceptor terminals (Kersten et al., 2010; Morgans et al., 2005; Xiao et al., 2007),
but light-evoked outer retinal responses are undiminished in CaV1.3 mutant mice, calling into
question their role in photoreceptors (McCall and Gregg, 2008; Wu et al., 2007).
CaV1.4 channels are especially well-suited for the sustained conductance of Ca2+ that
occurs during continuous depolarization in darkness (Koschak et al., 2003). In most contexts, CaV1
channels are subject to a significant Ca2+-dependent negative feedback mechanism known as Ca2+dependent inactivation (CDI). The chief mechanism behind CDI involves calmodulin (CaM),
which binds Ca2+ and induces a conformational change in the CaV1 a subunit to initiate its
inactivation. This mechanism is critical in neurons such as cardiac pacemaker cells, where CDI
inhibits excessively long CaV1-mediated action potentials that can lead to arrhythmias (Lee et al.,
2014). Uniquely in CaV1.4 channels, however, the a1 subunit contains an autoregulatory domain in
the distal C-terminus that blocks the action of CaM and therefore prevents CaM-mediated CDI.
This allows continuous Ca2+ influx at photoreceptor active zones (Singh et al., 2006; Wahl-Schott
et al., 2006). Although they are spared from CaM-mediated CDI, CaV1.4 channels are nonetheless
subject to a much slower and less robust form of CDI (Rabl and Thoreson, 2002; Waldner et al.,
2018).
To continuously stimulate photoreceptor neurotransmission, it is vital that CaV1.4 channels
avoid inactivation. Furthermore, the voltage dependence of these channels should be matched to
the photoreceptor Vm range to be capable of efficiently translating Vm excursions into changes in
the rate of exocytosis. In complete darkness, photoreceptors do not depolarize much beyond -40
mV (Schneeweis and Schnapf, 1995). Traditionally, -40 mV has been considered near the “foot”
of the ICa activation function, and therefore not where the ICa I-V relationship is steepest and most
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responsive (especially to hyperpolarization) (Barnes and Kelly, 2002; Koschak et al., 2014). The
work described in Chapter 2 examined this assumption more closely in salamander cones. We
found the half-maximal voltage of ICa in cones to be -38.1 mV and therefore closer to the dark
resting Vm than previously thought. This suggests that the voltage dependence of ICa is nearly
optimal for signaling Vm changes about a mean of approximately -40 mV.
Ca2+-binding protein 4 (CaBP4) binds to photoreceptor CaV1.4 channels and helps to shift
their activation voltage to more negative potentials. The retinal phenotype in CaBP4 mutant mice
is similar to CaV1.4 mutants, underscoring the importance of proper Ca2+ signaling at photoreceptor
active zones (Haeseleer et al., 2004; Maeda et al., 2005). Multiple CaV1.4 splice variants with
altered voltage dependence, conductance, and inactivation have also been identified in the retina
(Tan et al., 2011), but to what extent these variants contribute to visual perception or lead to
disorders remains unclear (Zamponi et al., 2015).
There are multiple neuromodulators and ions that directly affect CaV1.4 function.
Neuromodulators include dopamine, fatty acids, nitric oxide, adenosine, somatostatin,
cannabinoids, and glutamate (Herrmann et al., 2011; Koulen et al., 1999; Kourennyi et al., 2004;
Stella et al., 2001; Stella and Thoreson, 2000; Straiker and Sullivan, 2003; Vellani et al., 2000).
Ions that can influence Ca2+ channel function include divalent cations, Cl-, K+, and H+ (Babai and
Thoreson, 2009; Cadetti et al., 2004; Cadetti and Thoreson, 2006; Wilkinson and Barnes, 1996).
Of particular relevance to experiments described in this thesis is modulation of CaV1.4 by
extracellular H+. As described further below, negative feedback interactions between
photoreceptors and horizontal cells involve synaptic cleft pH changes and their effects on
presynaptic Ca2+ currents. Extracellular pH changes also arise from the exocytosis of acidic
vesicular contents and the consequent alteration of cleft pH (DeVries, 2001; Warren et al., 2016a).
Protons partially block the CaV1.4 channel pore, reducing its conductance and shifting its voltage
dependence positively. This negative feedback mechanism may help to match the Ca2+ current
activation function to the photoreceptor resting membrane potential, i.e., the depolarization of the

18

cell shifts the CaV1.4 activation function to a more depolarized range (DeVries, 2001; Pangrsic et
al., 2018).
Presynaptic activity can vary among active zones in neurons of the same type and even
vary from terminal to terminal within a single neuron (Nusser, 2018). For example, individual
presynaptic cortical and hippocampal neurons can exhibit variable Ca2+ channel density and Ca2+
signals among their boutons in a target cell-specific manner (Éltes et al., 2017; Koester and
Johnston, 2005; Rozov et al., 2001). Even two parallel synapses between a pre- and postsynaptic
cell can exhibit differences in the number of vesicle release sites and active zone sizes, properties
that can cause marked variability in postsynaptic responses (Holderith et al., 2012; Miki et al.,
2017; Pulido et al., 2015).
As mentioned previously, amphibian rods and cones of all species contain multiple
synaptic ribbon active zones within a single terminal. All of these ribbon release sites have the
potential to communicate with different postsynaptic cells, and therefore heterogeneity in signaling
among active zones could lead to heterogeneity in postsynaptic responses. As described in Chapter
2, we quantified the voltage dependence of Ca2+ influx at multiple ribbon sites within single
salamander cone terminals. In agreement with previous work examining Ca2+ dynamics at cochlear
hair cell ribbons (Frank et al., 2009; Ohn et al., 2016), we found that the voltage dependence of
Ca2+ influx at individual ribbons was more widely variable than whole-cell Ca2+ currents.
Therefore, although postsynaptic factors are likely the major contributor to the diversity of
postsynaptic responses, heterogeneous Ca2+ signaling (and therefore neurotransmission) among
photoreceptor ribbon sites even within a single photoreceptor can also contribute (Grassmeyer and
Thoreson, 2017).
Other key molecules at the ribbon
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While the ribbon is a key structure involved in organizing vesicles near sites of Ca2+ influx,
RIBEYE is not the only protein involved in organizing the photoreceptor active zone. Some of the
other key constituents are illustrated in Fig. 6, of which a few will be highlighted.

Figure 6: Proteins at the photoreceptor ribbon synapse.
Proteins associated with the cellular matrix are critical ribbon active zone components,
including members of the RIM, Munc13, CAST, ELKS, Piccolo, and Bassoon families of proteins
(Zanazzi and Matthews, 2009). RIM1, RIM2, and Munc13 proteins cooperate to prime vesicles for
membrane fusion in some neurons (Betz et al., 2001; Camacho et al., 2017). However, while RIM2
and Munc13 are found at ribbon synapses, they do not appear to prime vesicles in photoreceptors
(Cooper et al., 2012; Grabner et al., 2015; Löhner et al., 2017). KIF3A is a kinesin isoform protein
associated with ribbons, but ribbons do not appear to express other proteins necessary for typical
kinesin-dependent movement along microtubules (Muresan et al., 1999; Zanazzi and Matthews,
2009). The CtBP2 homolog CtBP1 also colocalizes with ribbons (tom Dieck et al., 2005), but
CtBP1 knockout photoreceptors do not show anatomical or functional defects (Vaithianathan et al.,
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2013). CAST, ELKS, and Piccolo proteins found at ribbons have been shown in other contexts to
interact with RIM and Munc13-1 (Ohtsuka et al., 2002). CAST and ELKS are cytomatrix active
zone scaffolding proteins. Photoreceptor-specific CAST/ELKS double knockout mice exhibit
severely disorganized synaptic structure and reduced Ca2+ currents and neurotransmission, while
the single knockouts both show milder defects (Hagiwara et al., 2018; tom Dieck et al., 2012).
Bassoon also appears to be a critical organizer of presynaptic structure, is expressed around
the base of ribbons, and is thought to be a chief component of the arciform density, an electrondense curved structure that anchors the ribbon to the presynaptic membrane (Dick et al., 2003;
Frank et al., 2010; tom Dieck et al., 2005). Photoreceptors in Bassoon knockout mice have detached
ribbons, impaired vesicle docking, and disorganized Ca2+ clusters, which results in
neurotransmission defects (Specht et al., 2007; tom Dieck et al., 2005). Bassoon may therefore
anchor ribbons while also performing other roles, such as promoting vesicle clustering (Mercer and
Thoreson, 2011; Mukherjee et al., 2010; Zanazzi and Matthews, 2009). Piccolo and Bassoon are
structurally similar, but Piccolo colocalizes directly with ribbons instead of underneath them
(Regus-Leidig et al., 2014). Knocking down Piccolo expression in photoreceptors also causes
synaptic disorganization (Regus-Leidig et al., 2014).
RIM proteins appear to interact with all these active zone structure proteins, but one of the
most intriguing interactions is between RIM proteins and CaV channels (Mercer and Thoreson,
2011). This interaction, either direct or thorough RIM binding proteins, promotes CaV clustering
close to synaptic vesicles at conventional and hair cell ribbon synapses (Han et al., 2011; Jung et
al., 2015; Kaeser et al., 2011). In photoreceptors, however, conditional double knockout of RIM1
and RIM2 did not alter CaV1.4 expression and localization but did reduce CaV1.4-mediated currents
(Grabner et al., 2015), indicating a more modulatory interaction. This discrepancy may be due to
the different CaV channel isoforms (CaV1.4 in photoreceptors versus CaV1.3 in hair cells and CaV2
in other neurons) and RIM splice variants present at these different synapses (Löhner et al., 2017).
RIM-binding proteins (RIM-BPs) help to organize Ca2+ channels at release sites in various neurons,
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including rod bipolar cells, which increases the efficiency of stimulus-evoked exocytosis (Acuna
et al., 2015; Grauel et al., 2016; Liu et al., 2011; Luo et al., 2017). The role of RIM-BPs in
photoreceptors has not been explored, but RNA-seq data indicate that they are not highly expressed
(Busskamp et al., 2014; Hartl et al., 2017; Kim et al., 2016; Mo et al., 2016). In sum, while
photoreceptors and conventional synapses share many of the same synaptic proteins, their
functional properties may differ in the two contexts.
Proteins mediating exocytosis
The identity of proteins that mediate exocytosis in photoreceptors is also becoming clearer,
and many of these proteins are shared with conventional synapses. These proteins are embedded in
the vesicular and cellular membranes and act to capture vesicles at the cell membrane and promote
fusion of the two apposing membranes. Of course, for presynaptic vesicles to exert a postsynaptic
effect they must contain cargo; VGLUT1 is responsible for loading photoreceptor vesicles with
glutamate (Zanazzi and Matthews, 2009). Figure 7 illustrates the major proteins involved in
neuronal exocytosis.

Figure 7: Proteins involved in neuronal exocytosis. Figure adapted from Sudhof (2013), with
permission.
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The classic components of the neuronal exocytosis machinery are the "SNAP" (Soluble
NSF Attachment Protein) REceptor" (SNARE) family of proteins. These proteins are universally
involved in membrane fusion in many contexts, including cell division, hormone signaling, and
synaptic transmission (Südhof and Rothman, 2009). Interestingly, there is strong evidence that
ribbon-bearing inner hair cell ribbon synapses do not rely on SNARE proteins for vesicle fusion
like most synapses (Nouvian et al., 2011), but SNARE proteins are present and active in
photoreceptors. SNARE proteins are either embedded in the vesicular membrane (v-SNAREs) or
target (cellular) membrane (t-SNAREs).
The specific SNARE isoforms identified at photoreceptor synapses are the t-SNAREs
Syntaxin 3 and SNAP-25 along with the v-SNARE Synaptobrevin (VAMP1 and 2). Most neurons
express Syntaxin 1 instead of 3 (Curtis et al., 2008; Mercer and Thoreson, 2011). The functional
ramifications of this Syntaxin difference are unclear, but Syntaxin 3 seems to be important for
priming vesicles for release (Curtis et al., 2010; Datta et al., 2017; Liu et al., 2014). These molecules
all contain anchoring transmembrane domains and helical cytoplasmic domains (their SNARE
motifs) by which they associate. As these proteins become more intimately bound—they are
considered to “zipper up”—the vesicular and cellular membranes are pulled together and the energy
required for membrane fusion is dramatically reduced. Because there are only a limited number of
specific SNARE combinations that are fusogenic, their differential expression can confer some
degree of specificity to the properties of membrane fusion (Südhof and Rothman, 2009).
Other proteins are also integral to controlling exocytosis. There is evidence that, in addition
to Munc13, other Munc protein isoforms that promote fusion are present in photoreceptors (Südhof
and Rothman, 2009; Zanazzi and Matthews, 2009). Complexins and Synaptotagmins are the other
chief regulators of Ca2+-dependent membrane fusion. Both associate the synchronous exocytosis
of vesicles with a triggering cue (i.e., elevations in Ca2+). Retinal ribbon synapses express
Complexin 3 and 4 while most conventional synapses express Complexin 1 and 2 (Hirano et al.,
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2005; Reim et al., 2005). Studies of photoreceptors and bipolar cells show that Complexins 3 and
4 inhibit spontaneous fusion but promote synchronous release following stimulation (Babai et al.,
2016; Vaithianathan et al., 2015). These results are consistent with the roles ascribed to Complexins
1 and 2 in other contexts (Trimbuch and Rosenmund, 2016). It is thought that Complexin and
Synaptotagmin both bind to partially-assembled (but not zippered) SNARE complexes and inhibit
their full assembly, thereby acting as fusion clamps when the active zone is in the resting state and
Ca2+ is not elevated (Rizo and Xu, 2015).
Formation and maintenance of photoreceptor synapses
As mentioned above, mutations in many proteins at photoreceptor ribbon complexes result
in visual disorders and/or malformed and poorly organized synapses. All these proteins are at least
indirectly involved in exocytosis, but it has been difficult to discern whether their role in
maintaining synaptic structural integrity is dependent on their ability to affect neurotransmission
per se or whether it is their mere presence (i.e., as scaffold members) that is required. Previous
studies of mouse photoreceptors examining mutations or absence of critical ribbon and CaV1.4associated proteins CaBP4 (Haeseleer et al., 2004), CAST (tom Dieck et al., 2012), Bassoon
(Specht et al., 2007), and the CaV1.4 subunits α1 (Chang et al., 2006; Liu et al., 2013b; Mansergh
et al., 2005; Raven et al., 2008), b2 (Ball et al., 2002), and α2δ4 (Ba-Abbad et al., 2016; Wang et
al., 2017; Wycisk et al., 2006b, 2006a) have demonstrated reduced synapse numbers, malformed
ribbons, and/or ectopic photoreceptor synapses with postsynaptic dendritic sprouting into the ONL.
Dendrites that undergo sprouting are presumably “following” retracting presynaptic active zones
or “searching” for active presynaptic sites. It has also been suggested that photoreceptor synaptic
dysfunction is the initiating event that causes horizontal cells to sprout ectopic dendrites in retinal
degeneration (Soto and Kerschensteiner, 2015). Furthermore, a mutation in a single amino acid in
CaV1.4 that shifts its voltage dependence has been shown to cause severe visual and synaptic
phenotypes in humans and mice, suggesting synaptic integrity is determined by Ca2+-dependent
processes (Hemara-Wahanui et al., 2005; Knoflach et al., 2013).
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However, there are also studies that argue against a major role for neurotransmission in
maintaining photoreceptor synapses. Cao et al. (2015) found that expressing tetanus toxin to silence
mouse photoreceptors throughout development caused only subtle morphological changes to
photoreceptor ribbons and occasional ectopic sprouting of postsynaptic dendrites, but no major
changes in ONL/OPL architecture. Similarly, when neurotransmission was silenced using tetanus
toxin selectively in ON-BCs, only a modest decrease in the number of synapses between ON-BCs
and their postsynaptic targets occurred, without major changes in inner plexiform layer (IPL)
structure (Kerschensteiner et al., 2009). This phenotype was a result of reduced synapse formation,
not increased elimination. Abolishing RIBEYE expression from the mouse retina dramatically
reduced neurotransmission from RBCs but had little effect on synaptic anatomy in the OPL and
IPL (Maxeiner et al., 2016).
The interplay of neurotransmission and synaptic development is complex (Bleckert and
Wong, 2011). Spontaneous activity is understood to play a key role in synaptogenesis within the
retina and throughout the CNS (Andreae and Burrone, 2017; Soto et al., 2012) while the role for
evoked release is less clear. These studies are pertinent to the experiments described in Chapter 3,
in which we evaluated photoreceptor synapse integrity after deleting the putative Ca2+ sensor for
light-driven fast neurotransmission in rods and cones.
Photoreceptor neurotransmission
Kinetic phases of exocytosis
Before describing the molecules that may serve as Ca2+ sensors for synaptic exocytosis in
photoreceptors, it is important to define characteristics of the different phases of release
(synchronous, asynchronous, and spontaneous) that can occur in response to elevations of Ca2+ at
the active zone (Chanaday and Kavalali, 2018; Kaeser and Regehr, 2014; Kavalali, 2015). These
phases were originally defined in studies of conventional neurons in which action potentials evoke
brief, concentrated elevations of Ca2+ at their active zones. Similar kinetic phases of release can
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also be identified at ribbon synapses of rods and cones that do not generate Na+-dependent action
potentials, though they may involve different mechanisms (Thoreson, 2007).
Synchronous release occurs within hundreds of microseconds of Ca2+ influx and reflects
the release of vesicles that are docked at the plasma membrane close to Ca2+ channels and primed
for release before the stimulus. These vesicles constitute a readily or immediately releasable pool
of vesicles. Fast, synchronous release of these vesicles requires proteins that sense Ca2+ and trigger
vesicle-cell membrane fusion with fast on-rate kinetics. When an action potential reaches the
synapse, the opening of voltage-gated Ca2+ channels produces a substantial elevation of [Ca2+i] in
highly localized intracellular domains just above the channels. The exocytotic Ca2+ sensors that
mediate fast release at most neurons require high [Ca2+i] to trigger vesicle fusion. Following an
action potential, the high levels of Ca2+ needed for fusion are achieved only briefly within
nanodomains very close (≤100 nm) to Ca2+ channels (Schneggenburger and Neher, 2005). Thus,
the brief opening of Ca2+ channels during an action potential will cause synchronous fusion only of
vesicles very close to Ca2+ channels. Fast, synchronous release allows postsynaptic detection of
presynaptic events like action potentials with high temporal precision.
Asynchronous release is a slower phase of release that occurs after synchronous release.
At conventional synapses, it is thought to be driven by a relatively low concentration of residual
Ca2+ that lingers at an active zone for tens to hundreds of milliseconds after an action potential
(Atluri and Regehr, 1998; Kochubey et al., 2011). The presence and magnitude of asynchronous
release varies from synapse to synapse, but typically occurs following moderate to high-frequency
stimulation. This phase of release can last for hundreds of milliseconds following the cessation of
stimuli and can elevate postsynaptic excitability for subsequent stimulation (Kaeser and Regehr,
2014; Luo and Südhof, 2017). Asynchronous release at conventional synapses appears to involve
different Ca2+ sensors than synchronous release (Kaeser and Regehr, 2014). The relative amount of
synchronous versus asynchronous release differs among synapses, such that exocytosis at some
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synapses is dominated by a synchronous and others by an asynchronous release mechanism
(Südhof, 2013).
Spontaneous release is the release of vesicles in the absence of presynaptic stimulation.
This typically manifests as “miniature” synaptic events resulting from the release of single vesicles
(one quantum). Spontaneous vesicle fusion can be Ca2+-dependent, triggered either by the
occasional opening of voltage-gated Ca2+ channels at subthreshold potentials or other sources of
Ca2+ other than voltage-gated Ca2+ channels (Williams and Smith, 2018). Spontaneous vesicle
fusion can also be Ca2+-independent, in which release is thought to be a “failure” by proteins such
as Synaptotagmin or Complexin to inhibit spontaneous membrane fusion by SNARE complexes.
Spontaneous synaptic transmission is functionally important, as it can alter synaptic plasticity and
homeostasis (Kavalali, 2015). While the topic remains controversial, it appears that many vesicles
that participate in spontaneous release differ in their molecular identity and are segregated to a pool
distinct from those that undergo evoked release (Cork et al., 2016; Kavalali, 2015). Describing the
mechanisms—especially the identity and function of the Ca2+ sensors—that mediate these distinct
modes of release is a subject of intense investigation (Kaeser and Regehr, 2014; Kavalali, 2015).
Kinetics of release in photoreceptors
Photoreceptor ribbon synapses are capable of all three types of release (Cadetti et al., 2005,
2008; Cork et al., 2016; Rabl et al., 2005; Rieke and Schwartz, 1996), but the underlying
mechanisms responsible for the different phases of release may differ from those employed at
conventional synapses. Ribbon synapses of photoreceptors and bipolar cells are capable of a fast,
synchronous phase of vesicle release in response to an abrupt depolarization that has kinetics
comparable to fast release from other CNS neurons (Mennerick and Matthews, 1996; Rabl et al.,
2005; Sun and Wu, 2001; von Gersdorff et al., 1998). The number of vesicles participating in this
initial fast phase of release matches the number of vesicles attached at the base of the ribbon in
contact with the cell membrane (Bartoletti et al., 2010; Van Hook and Thoreson, 2015). The
vesicles docked at the membrane and primed for release comprise a readily or immediately
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releasable pool (RRP). As with conventional neurons, release of vesicles in the RRP at ribbon
synapses is triggered by the elevation of Ca2+ within highly localized nanodomains surrounding
Ca2+ channels (Jarsky et al., 2010; Mercer et al., 2011), and fusion of a vesicle can be triggered by
the opening of 1-3 Ca2+ channels (Bartoletti et al., 2011; Brandt et al., 2005; Jarsky et al., 2010;
Van Hook and Thoreson, 2015).
With maintained depolarizing stimulation, after release of the RRP, additional vesicles
further up the ribbon descend to refill the RRP and are released more slowly over a few hundred
milliseconds (Bartoletti et al., 2010; Innocenti and Heidelberger, 2008). The number of vesicles
released in this second phase, known as the releasable pool, is typically 4-5 times larger than the
membrane-attached RRP. This corresponds anatomically to the 4-5 rows of vesicles tethered to
ribbons above the RRP (Sterling and Matthews, 2005). Vesicles are primed as they descend the
ribbon (Snellman et al., 2011), so once a vesicle reaches a release site at the base of the ribbon it
dwells at the membrane for only a very short time before it is released (Chen et al., 2013; Wen et
al., 2018). It has been suggested that all of the vesicles tethered to ribbons—both the RRP and the
releasable pool—have formed the SNARE complexes necessary for them to be molecularly primed
for immediate Ca2+-evoked exocytosis (Datta et al., 2017). The slower kinetics of the second phase
of release at cone synaptic ribbons are determined principally by the rate at which vesicles descend
and re-populate release sites. Thus, unlike at conventional synapses, the slower phase of release
following synchronous release at ribbon synapses does not necessarily arise from use of a different
Ca2+ sensor. Our studies in Chapter 3 support the idea that a single sensor, Syt1, is the principal
Ca2+ sensor for both fast synchronous release and the sustained release of vesicles that occurs during
maintained depolarization of photoreceptors in darkness.
At cone ribbon synapses, an even slower phase of release can also be identified. With
maintained depolarization, release can continue at a relatively constant rate more or less
indefinitely, reflecting replenishment of vesicles to the ribbon from the extremely large cytoplasmic
reserve pool. In salamander cones, this cytoplasmic reserve pool consists of more than 200,000
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vesicles (Sheng et al., 2007). At conventional synapses with many fewer vesicles, most cytoplasmic
vesicles are tethered to the actin cytoskeleton through interactions with synapsin. By contrast,
ribbon synapses lack synapsin and cytoplasmic vesicles are highly mobile (Holt et al., 2004; Rea
et al., 2004). Vesicles from this large and highly mobile cytoplasmic reserve pool attach to empty
tethering sites high up on the ribbon that are vacated as the releasable pool descends (Vaithianathan
and Matthews, 2014). This process has been shown to be accelerated by high intracellular Ca2+
(during depolarization) acting through CaM (Babai et al., 2010a; Van Hook et al., 2014; Van Hook
and Thoreson, 2015). Following the depletion of ribbon-associated vesicles, the rate of ribbonmediated release during sustained depolarization is therefore limited by the rate at which vesicles
in the cytoplasmic reserve pool can attach to the ribbon and reach release sites at its base (Innocenti
and Heidelberger, 2008; Jackman et al., 2009; Van Hook et al., 2014). Together, the dynamic
vesicle pools in photoreceptor terminals allow photoreceptors to undergo rapid bursts of release
after inactivity (the synchronous, fast release of RRP vesicles) and continuous ongoing release
during tonic activation (Schmitz, 2009).
At cone synapses, release occurs solely at ribbons (Bartoletti et al., 2010; Jackman et al.,
2009; Snellman et al., 2011). Rods use similar ribbon-related release mechanisms as cones (Van
Hook and Thoreson, 2014), but are also capable of significant release from non-ribbon sites (Chen
et al., 2013, 2014). Non-ribbon release from rods can be triggered by Ca2+-induced Ca2+ release
from intracellular Ca2+ stores (Babai et al., 2010b; Cadetti et al., 2006; Chen et al., 2013; Rabl et
al., 2005; Suryanarayanan and Slaughter, 2006). The slow kinetics of non-ribbon release
contributes to the slower overall release kinetics in rods versus cones that matches the kinetics of
their respective light responses (Schnapf and Copenhagen, 1982). These kinetic differences are
maintained through the response kinetics of second- and third-order cells in the rod and cone
pathways (Baylor and Fettiplace, 1977).
Rods and cones are also capable of both Ca2+-dependent and Ca2+-independent forms of
spontaneous vesicle release (Cadetti et al., 2005; Cork et al., 2016; Maple et al., 1994). Ca2+-
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independent spontaneous release in rods occurs preferentially at non-ribbon sites (Cork et al.,
2016). In Chapter 3, we show evidence that spontaneous release from photoreceptors uses different
Ca2+ sensors than evoked release.
Ca2+ and exocytosis
At most synapses, the rate of fast, synchronous release exhibits a steep exponential
dependence on intracellular Ca2+ concentration (Schneggenburger and Neher, 2005). Classic
experiments examining the frog neuromuscular junction showed that the relationship between
presynaptic Ca2+ and postsynaptic response magnitude, both plotted on logarithmic coordinates,
had a slope of ~4 (Dodge and Rahamimoff, 1967). Subsequent studies have shown a similar
relationship with slopes of 4-5 at numerous synapses across species (Atluri and Regehr, 1998;
Augustine and Charlton, 1986; Bollmann et al., 2000; Heidelberger et al., 1994; Landò and Zucker,
1994; Schneggenburger and Neher, 2000; Sun et al., 2007). Known as the Ca2+ cooperativity of
release, this exponential relationship may enhance synchrony between pre-synaptic Ca2+ channel
openings and exocytosis. It can also improve the signal-to-noise ratio at synapses because an
increase in presynaptic Ca2+ during depolarization is translated into an increase in release rate
orders of magnitude above the basal rate (Schneggenburger and Neher, 2005).
What causes this supralinear relationship? The first model proposed was that cooperativity
reflected the necessary number of sequential Ca2+ ion binding steps to a single Ca2+ sensor
necessary to trigger exocytosis (Schneggenburger and Neher, 2000). This model was subsequently
refined to accommodate data that showed that the Ca2+ cooperativity could vary among phases of
release with differing Ca2+ sensitivities (i.e., the sensor could have a low cooperativity when Ca2+
was low during spontaneous release, and a high cooperativity when Ca2+ was high for synchronous
release) (Lou et al., 2005). This expanded model allowed the Ca2+ sensor to mediate a basal rate of
spontaneous fusion even in the absence of Ca2+ but increase in activity as Ca2+ ions bind; this model
is known as the “allosteric” mode because cooperativity varies depending on Ca2+ binding state
(Lou et al., 2005). An alternate explanation was proposed when it was discovered that multiple
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Ca2+ sensors cooperate to promote release at the Calyx of Held synapse and that these distinct
sensors differed with respect to their interactions with Ca2+ (Sun et al., 2007). This study found that
genetic elimination of Syt2 eliminated fast release, which exhibits a Ca2+ cooperativity of ~4-5, but
that slower asynchronous release with a much shallower cooperativity of ~2 remained intact (Sun
et al., 2007). This indicates that the two forms of release use different sensors. Whereas the
allosteric model necessitated that the sensor’s cooperativity vary, the multiple sensor model
allowed multiple sensors with distinct and fixed Ca2+-binding properties to mediate release under
different Ca2+ regimes (Kochubey et al., 2011; Sun et al., 2007).
Synaptotagmins and other Ca2+ sensors
The most widely utilized Ca2+ sensors are the ubiquitously expressed Synaptotagmins
(Syts), Ca2+-binding proteins that promote exocytosis and are typically tethered in the vesicle
membrane at active zones of neurons and other secretory cells, such as neuroendocrine and mast
cells (Chapman, 2008). Syt proteins contain a transmembrane domain and two Ca2+-binding C2
domains. Ca2+ influx during the opening of voltage-gated Ca2+ channels at active zones elevates
Ca2+ to bind to these C2 domains. As shown in Fig. 8, the binding of Ca2+ to the C2 domains of
Syt1 allows them to penetrate into the cell membrane, preferentially inserting at sites with a high
concentration of the phospholipid PIP2 (Chapman, 2008). Therefore, when Ca2+ is bound to these
C2 domains, Syts bridge the neuronal and vesicular membranes, lowering the energy required for
SNARE-mediated membrane fusion.

Figure 8: Synaptotagmin binds Ca2+ to interact
with SNARE proteins and bridge the vesicular
and cellular membranes. Reproduced from Bai
and Chapman (2004), with permission.
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Some synaptic proteins other than Synaptotagmin also possess Ca2+-binding C2 domains,
including Otoferlin and Doc2. Release from ribbon active zones in inner hair cells uniquely utilizes
Otoferlin as the Ca2+ sensor to mediate exocytosis (Michalski et al., 2017; Pangršič et al., 2012;
Roux et al., 2006). Doc2 also promotes Ca2+-dependent exocytosis, especially spontaneous vesicle
release (Courtney et al., 2018; Groffen et al., 2010; Yao et al., 2011).
Seventeen Syt isoforms have been identified but only eight of these, Syts 1-3, 5-7, 9, and
10, are capable of binding Ca2+ (Bhalla et al., 2005; Südhof, 2002, 2013; Sugita et al., 2002). These
eight Syt isoforms vary in their Ca2+ affinity, Ca2+ cooperativity, fusion kinetics, and expression,
thereby conferring cell type-specific release properties (Bacaj et al., 2013; Südhof, 2002, 2013; Xu
et al., 2007). Syt3, Syt5, and Syt7 have high Ca2+ affinity and thus bind phospholipids at low [Ca2+]
(1-3 μM), while Syt1, Syt2, and Syt9 require much higher [Ca2+] (>10 μM) to do so (Li et al., 1995;
Sugita et al., 2002; Xu et al., 2007). Knockout studies indicate that Syt1, Syt2, and Syt9 mediate
fast, synchronous release from many CNS neurons while Syt7 often mediates slower asynchronous
release (Pang and Südhof, 2010; Volynski and Krishnakumar, 2018). The high affinity sensor Syt7
is also thought to serve as the Ca2+ sensor during presynaptic release facilitation (Jackman et al.,
2016; Jackman and Regehr, 2017; Turecek and Regehr, 2018). The Ca2+ sensitivity and kinetic
properties of various Syt isoforms observed at synapses are generally consistent with in vitro
membrane association studies (Volynski and Krishnakumar, 2018). Because synchronous and
asynchronous release at the Calyx of Held and other conventional synapses are mediated by
different Synaptotagmins (Syt1 or 2 and Syt7, respectively), and these mechanisms exhibit different
Ca2+ sensitivity and cooperativity, these properties are thought to be dictated by the intrinsic
characteristics of the Ca2+ sensor mediating release (Bacaj et al., 2013; Kaeser and Regehr, 2014).
Genetic studies support the hypothesis that the Ca2+ sensitivity of release is dictated by the
Ca2+ affinity of the Ca2+ sensor controlling release (Evans et al., 2016; Fernández-Chacón et al.,
2001; Pang et al., 2006; Rhee et al., 2005; Sørensen et al., 2003; Xu et al., 2009). For example,
certain point mutations in the Syt1 C2A domain reduce Syt1 Ca2+ binding affinity and exocytosis
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from hippocampal neurons by equivalent magnitudes (Fernández-Chacón et al., 2001; Pang et al.,
2006). It is less clear what dictates the Ca2+ cooperativity of release. While Synaptotagmins all
share a basic structure containing two C2 domains, these domains do not act equivalently among
Syts (Bai and Chapman, 2004; Südhof, 2002). Each C2 domain is capable of binding Ca2+, but the
impact of eliminating these domains differs among Syt isoforms. The Syt1 C2A domain enhances
the cooperativity and efficiency of Syt1-mediated release, but the C2B domain is essential for
release (Bai and Chapman, 2004; Fernández-Chacón et al., 2001; Mackler et al., 2002; Nishiki and
Augustine, 2004; Shin et al., 2009). In contrast to Syt1, for Syt7-mediated release the C2A domain
is essential whereas the C2B domain is dispensable (Bacaj et al., 2013). This difference appears to
be conferred by subtle amino acid differences between Syt1 and Syt7 C2A domains that alter their
membrane binding affinities (Voleti et al., 2017). The understanding that 1) the C2A and C2B
domains of Syt1 together contain five Ca2+ sites, two of which are on the essential C2B domain and
three of which are on the cooperativity-modulating C2A domain (Shin et al., 2009), and 2) release
mediated by Syt7 only requires its C2A domain, which contains three Ca2+ binding sites (Bacaj et
al., 2013; Südhof, 2013), lends support to the hypothesis that cooperativity reflects the total number
of Ca2+ binding steps required to promote efficient Syt-triggered release.
However, other explanations have also been offered to account for the Ca2+ cooperativity
in release. For example, in adrenal chromaffin cells, release appears to be mediated by both Syt1
and Syt7 but shows a low cooperativity that can be explained by a three-site kinetic model (García
et al., 2006; Heinemann et al., 1994; Schonn et al., 2008; Voets, 2000; Voets et al., 2001). An
alternate explanation for cooperativity is that it reflects the number of Syt molecules on a vesicle
that must be activated for release (Guan et al., 2017). Interactions between Syt1, Complexins, and
SNARE proteins have all been shown to influence Ca2+ cooperativity, so the activity of specific
accessory proteins and signaling pathways, such as PKC, may also modulate the relationship (Babai
et al., 2016; Sørensen et al., 2002; Stewart et al., 2000; Yang et al., 2005). The presence of
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negatively charged phospholipids, especially PIP2, can also increase the Ca2+ sensitivity of Sytmediated membrane fusion (Bai and Chapman, 2004; Südhof, 2012; van den Bogaart et al., 2012).
In sum, the kinetics, Ca2+ sensitivity, and Ca2+ cooperativity of release at a given synapse
are dictated by the coordinated action of the Ca2+ sensors it utilizes, but at least some of these
properties can be altered by other factors. It remains unclear whether Ca2+ cooperativity reflects an
intrinsic biochemical property of the Ca2+ sensor, and if so, whether it can be modified.
Ca2+ sensors in photoreceptors
Unlike conventional synapses where fast release requires high-micromolar calcium and
exhibits a Ca2+ cooperativity of 4-5, release of glutamate from rods and cones can be triggered by
sub-micromolar Ca2+ levels and the cooperativity of release is low (n ≤ 3) (Duncan et al., 2010;
Rieke and Schwartz, 1996; Thoreson et al., 2004). In Thoreson, et al. (2004), exocytosis from rods
was measured by tracking the increase in membrane capacitance caused by vesicle fusion in
response to rapid and homogenous elevation of intracellular Ca2+ produced by photolytic uncaging
of Ca2+ from DM-nitrophen. A subsequent study used paired pre- and postsynaptic recordings to
assess release kinetics in response to Ca2+ uncaging in rod and cone synapses to describe kinetic
parameters of the Ca2+ sensor (Duncan et al., 2010). The relationship between intracellular Ca2+
and the rate of fast release in these studies was best described by a model in which release was
mediated by either a conventional sensor that contained two or three sites that would bind Ca2+
preceding a final Ca2+-independent fusion step or an allosteric Ca2+ sensor with at least three Ca2+
binding sites. The study also found that the Ca2+ sensor in rods and cones showed a fast rate of Ca2+
binding (kon), allowing fast release kinetics. The unusually high sensitivity to Ca2+ was explained
by a very slow rate of Ca2+ unbinding (koff), which was over an order of magnitude slower than the
off rate described at other neurons (Duncan et al., 2010).
Preliminary results investigating these properties in mouse retina indicate that mammalian
photoreceptors, like those of amphibians, also utilize a low-cooperativity sensor (Fig. 9). Dr.
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Norbert Babai (University of Erlangen-Nuremberg) recorded excitatory postsynaptic currents
(EPSCs) from horizontal cells while stimulating photoreceptor cell bodies with brief electrical
pulses from a bipolar extracellular electrode (Babai et al., 2016). Similar to classic experiments by
Dodge and Rahaminoff, equivalent stimuli were delivered while extracellular Ca2+ was varied to
determine the Ca2+ dependence of release. The observed relationship could be described by a Hill
function with a slope coefficient of n = 2.68 (this value is an indirect measure of Ca2+ sensor
cooperativity, Matveev et al., 2011). This low cooperativity is similar to that found in amphibian
photoreceptors (Rabl et al., 2005; Thoreson et al., 2004) and is lower than the cooperativity for fast
release (n = 4-5) found at other CNS synapses (Bollmann et al., 2000; Schneggenburger and Neher,
2000), including ribbon synapses of mouse rod and cone bipolar cells (Jarsky et al., 2010; Van
Hook, unpublished). These properties of release are not obviously consistent with the known
intrinsic properties of any single Syt isoform, suggesting the novel function of a single Syt or the
combined activity of multiple Syts.

Figure 9: Horizontal cell EPSCs as a
function of extracellular Ca2+. The data
were fit with a Hill function with a slope of
n = 2.68.

Immunohistochemical studies in photoreceptors of lower vertebrates have generally failed
to provide evidence for expression of Syt1 and Syt2, whereas Syt1 (but not Syt2) is prominently
expressed in synaptic terminals of rodent photoreceptors (Berntson and Morgans, 2003; Fox and
Sanes, 2007; Heidelberger et al., 2003; but see Kreft et al., 2003). As discussed above, there is
evidence from various neurons in the brain that Syt1, Syt2, and Syt9 are the only Synaptotagmins
that mediate fast release (Xu et al., 2007), and Syt7 has been shown to mediate delayed,
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asynchronous release at both conventional synapses and in ribbon-bearing retinal bipolar cells
(Bacaj et al., 2013; Bhalla et al., 2005; Luo et al., 2015; Sugita et al., 2002; Sun et al., 2007). Syt7dependent asynchronous release occurs with high Ca2+ affinity and low Ca2+ cooperativity, similar
to release from photoreceptors (Bacaj et al., 2013; Bhalla et al., 2005; Sugita et al., 2002; Sun et
al., 2007). Therefore, the Ca2+ sensitivity and cooperativity in photoreceptors resembles neuronal
Syt7-mediated release, but the kinetics of release are more similar to neuronal Syt1-mediated
release (Bacaj et al., 2013; Kaeser and Regehr, 2014; Sugita et al., 2002; Volynski and
Krishnakumar, 2018). RNA-seq data indicate that mRNAs of Syt isoforms other than Syt1 are low
(Syt9, Syt14, Syt4) or undetectable in photoreceptors (Busskamp et al., 2014; Hartl et al., 2017;
Kim et al., 2016; Mo et al., 2016). These data also suggest the presence of Doc2b in photoreceptors,
but Otoferlin appears to be absent.
In Chapter 3, we investigate which Ca2+ sensor mediates release in mouse photoreceptors.
Given the apparently robust expression of Syt1 in photoreceptors (Fox and Sanes, 2007),
experiments described in Chapter 3 focused on possible roles for Syt1. Our data show that Syt1 is
the principal Ca2+ sensor but that other sensors may also be present.
Postsynaptic receptors
Postsynaptic to photoreceptors are horizontal and bipolar cells. As illustrated in Fig. 1,
horizontal cells mediate lateral interactions within the outer plexiform layer while bipolar cells
serve as conduits for the vertical transmission of visual signals toward ganglion cells. The activation
of glutamate receptors upon photoreceptor exocytosis leads to interactions between horizontal cells,
bipolar cells, and photoreceptors that directly shape photoreceptor output. There are both ionotropic
and metabotropic (GPCR-coupled) glutamate receptors on neurons postsynaptic to photoreceptors.
Of the ionotropic receptors, there are three possible types: N-methyl-D-aspartate receptors
(NMDARs), kainate (KA) receptors, and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptors (AMPARs).
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Common to all ionotropic glutamate receptors are their basic structures, where the
complete channels are composed of four subunits; each subunit is encoded by a unique gene. Seven
NMDAR subunits (GluN genes), four AMPAR subunits (GluA1-4), and five kainate receptor
subunits (GluK1-5) can combine only with other subunits within their same families to form
functional tetrameric receptors. Binding of glutamate on the extracellular amino-terminal domain
of these receptors causes a conformational change that leads to channel opening. The interaction of
the four subunits within the channel pore they collectively form determines whether the channel
conducts monovalent cations, divalent cations, or both (Sprengel, 2013). Horizontal and OFF
bipolar cells of many diverse species express KA, AMPA, and non-mGluR6 metabotropic
glutamate receptors, but generally do not express NMDARs (Dhingra and Vardi, 2012; Thoreson
and Witkovsky, 1999; Yang, 2004). An exception to this rule are horizontal cells in the catfish
retina, which express functional NMDARs (Davis and Linn, 2003; O’Dell and Christensen, 1989).
Because these cationic currents are excitatory, horizontal cells and the bipolar cells that
express ionotropic receptors are OFF cells, i.e., they depolarize in darkness like photoreceptors.
AMPARs conduct Na+ and in some cases Ca2+. AMPARs are extremely fast to open, have a large
maximal conductance, and desensitize quickly. KA receptors are much slower to desensitize than
AMPARs (Purves, 2018). AMPARs mediate the majority of excitatory input between
photoreceptors and OFF bipolar cells in the salamander retina (Cadetti et al., 2005; Maple et al.,
1999; Thoreson, 2007), whereas KA receptors appear to mediate most if not all signals to mouse
OFF CBCs (Borghuis et al., 2014) despite AMPAR expression in multiple mouse OFF CBC types
and AMPAR activity in ground squirrel OFF CBCs (DeVries, 2000; Puller et al., 2013). KA
receptors have also been shown to be present and active in certain OFF bipolar cell types but not
others in the ground squirrel retina, which contributes to their response heterogeneity (DeVries,
2000; Lindstrom et al., 2014). The majority of glutamatergic input to HCs has been found to be
mediated by AMPARs in a wide variety of species (Jackman et al., 2011; Pan and Massey, 2007;
Ströh et al., 2013).
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mGluR6 signaling
ON bipolar cells postsynaptic to photoreceptors contain the metabotropic receptor
mGluR6. Through its GPCR cascade, mGluR6 activation leads to ON BC hyperpolarization,
making the photoreceptor to ON bipolar cell synapse uniquely “sign-inverting”—the excitatory
transmitter glutamate is made to act in an inhibitory fashion. Because metabotropic receptors are
not excitatory ionotropic receptors but instead rely on intracellular signaling cascades to mediate
their responses, their actions are slower (Purves, 2018). Because photoreceptors release glutamate
in the absence of light, mGluR6 is active in darkness and ON BCs are hyperpolarized. When
photoreceptors are hyperpolarized by light, glutamate release and postsynaptic mGluR6 activity
decline, leading to depolarization of ON BCs. In light, when mGluR6 is inactive, TRPM1 channels
are constitutively active and mediate the essential—but possibly not the only—cationic
conductance that depolarizes ON BCs (Martemyanov and Sampath, 2017). Hyperpolarization
mediated by mGluR6 is accomplished through activation of the mGluR6-associated G protein Goa,
which ultimately results in closure of TRPM1 cation channels (Dhingra et al., 2000; Morgans et
al., 2009; Nawy, 1999; Shen et al., 2009). In darkness, mGluR6 activation leads to dissociation of
the trimeric G protein (Goa-GDP + Gβγ), and then both Goα-GTP and Gβγ appear to cooperate to
close TRPM1 (Shen et al., 2012; Xu et al., 2016). Restoration of TRPM1 conductance is accelerated
by RGS proteins RGS7 and RGS11, which catalyze the hydrolysis of GTP bound to Goα to reopen
channels (Cao et al., 2012; Mojumder et al., 2009; Shim et al., 2012). This step is required for
mGluR6 signaling, as the non-hydrolysable GTP analog GTPγS eliminates ON BC light responses
(Sampath and Rieke, 2004). Mutations of many proteins in the mGluR6-TRPM1 cascade and
scaffolding proteins at the photoreceptor-ON BC synapse lead to ON BC dysfunction and visual
disorders, especially night blindness (Martemyanov and Sampath, 2017).
Photoreceptor-horizontal cell interactions
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HCs are horizontally-oriented in the outer plexiform layer and exhibit wide receptive fields,
making them well-suited to mediate spatial computations. HC negative feedback to photoreceptors
is activated when the HC is depolarized. An important consequence of HC feedback to cones is the
formation of center-surround receptive fields that play an important role in enhancing the detection
of luminance boundaries. In center-surround inhibition, the illumination of more distant areas
surrounding a cone counteracts the effects of illumination directly centered on the cone and viceversa (Baylor et al., 1971; Dacheux and Miller, 1981; Kuffler, 1953). The synaptic arrangement
that allows for this is illustrated in Fig. 10. Illumination centered on a cone results in its
hyperpolarization. Darkening of the surrounding area depolarizes and engages inhibitory feedback
from HCs that further inhibits opening of Ca2+ channels in the center cone, effectively resulting in
enhanced hyperpolarization of the cone. The receptive fields of HCs are quite large because of their
large dendritic fields and strong coupling to neighboring horizontal cells through gap junctions
(Kaneko, 1971; Naka and Rushton, 1967). Thus, the light responses of horizontal cells provide a
measure of the average light level falling over a wide area of retina. Negative feedback from
horizontal cells to cones provides a mechanism for subtracting the average light level from local
changes experienced by individual cones. This results in enhanced salience of local luminance
changes.
Horizontal cells typically receive input from multiple cone types and therefore differ in
spectral sensitivity from individual cones. Feedback from horizontal cells to cones thus contributes
to the spectral comparisons necessary for color vision (Twig et al., 2003). Blocking HCphotoreceptor feedback abolishes color preferences of HCs (Fahrenfort et al., 2004, 2009; Vigh
and Witkovsky, 1999). Color-opponent responses in cones (Packer et al., 2010) and ganglion cells
of the primate retina have been shown to depend on HC feedback (Crook et al., 2011; Davenport
et al., 2008). Another property of the HC-photoreceptor interaction is to confer local gain control
to the retina; it helps maintain photoreceptor ICa voltage-current relationship in an optimal operating
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range by adjusting for the brightness of each part of a visual scene (Burkhardt, 1995; Masland,
2012; VanLeeuwen et al., 2009).
Various mechanisms have been proposed for HC to cone feedback, as summarized in Fig.
10 (Kramer and Davenport, 2015; Thoreson and Mangel, 2012). HC (and ON BC) dendrites are
closely apposed to photoreceptor ribbon synaptic sites at well-isolated invaginations within the
photoreceptor terminal (Fig. 4). Because depolarization opens voltage-gated Ca2+ channels to allow
Ca2+ influx into photoreceptors to trigger glutamate release, local changes in the trans-membrane
electrical field experienced by Ca2+ channels can alter ICa and thereby affect synaptic release.
Inhibition from horizontal cells acts by a rather novel mechanism: by shifting the voltage-activation
function of Ca2+ channels to more depolarized potentials and by decreasing the peak amplitude of
ICa (Cadetti and Thoreson, 2006; Hirasawa and Kaneko, 2003; Verweij et al., 1996). The major
mechanism for this inhibitory feedback involves changes in synaptic cleft protons to modulate
gating of CaV1.4 (Barnes et al., 1993; Barnes and Bui, 1991; Hirasawa and Kaneko, 2003; Verweij
et al., 1996; Wang et al., 2014; Warren et al., 2016a). In darkness, proton levels in the synaptic cleft
are high due in large part to extrusion from horizontal cells via Na+/H+ exchangers (Warren et al.,
2016a). The presence of these protons inhibits presynaptic CaV1.4 channels to reduce ICa amplitude.
Binding of positively-charged protons to the external membrane surface also effectively increases
the transmembrane electrical field experienced by the Ca2+ channel voltage sensor, reducing Ca2+
channel open probability and thus shifting ICa voltage dependence to more positive values (Chen et
al., 1996). HC hyperpolarization causes an alkalization of the cleft through mechanisms that remain
unclear (Hirasawa and Kaneko, 2003; Verweij et al., 1996; Vessey et al., 2005; Warren et al.,
2016a). Because HCs are normally depolarized in darkness, cones contacted by an HC in darkness
will be subject to negative feedback. While the mechanisms discussed above were first described
in cones, feedback from HCs to rods has been shown to operate similarly (Babai and Thoreson,
2009; Thoreson et al., 2008).

40

Two other mechanisms have also been proposed to be involved in negative feedback from
horizontal cells to cones. One involves an ephaptic mechanism in which changes in the amount of
current flowing through hemichannels located at the dendritic tips of horizontal cells can alter the
extracellular voltage within the invaginating cone synapse (Byzov and Shura-Bura, 1986;
Kamermans et al., 2001; Kemmler et al., 2014; Vroman et al., 2014). However, this mechanism
predicts that horizontal cell voltage changes should be experienced instantaneously by cone Ca2+
channels, but this does not appear to be the case (Warren et al., 2016b). It has also been suggested
that negative feedback might be due to conventional GABA-mediated inhibition (Kaneko and
Tachibana, 1986; Schwartz, 1982; Wu and Dowling, 1980), but GABA antagonists do not block
HC-to-cone feedback (Thoreson and Burkhardt, 1990; Verweij et al., 1996, 2003). Nonetheless,
GABA release from HCs does appear to play in modulating the strength of feedback, perhaps
through an autocrine signaling mechanism that ultimately results in cleft pH modulation (Hirano et
al., 2016; Kemmler et al., 2014; Liu et al., 2013a).
In addition to negative feedback, there is also evidence for a countervailing “positive
feedback”. It is thought that positive feedback operates more locally than negative feedback,
exerting its influence at individual photoreceptor synapses. This reduces negative feedback for
individual depolarized photoreceptors and can thereby enhance the difference in release between
nearby photoreceptors experiencing different levels of luminance (Jackman et al., 2011). This is
illustrated in Fig. 10 by showing weaker red negative feedback for those photoreceptors in the dark
surround than in the illuminated center.
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Figure 10: HC negative feedback to photoreceptors mediates center-surround antagonism in the
OPL.
A: Depolarization of HCs activates negative feedback to presynaptic photoreceptors throughout
the HC dendritic territory. B: Summary illustrations of three hypothesized mechanisms for HCmediated negative feedback. Modified from Kramer and Davenport (2015), with permission.

Our studies described in Chapter 2 examining heterogeneity of ribbon Ca2+ influx used
paired recordings of salamander cones and horizontal cells to study negative feedback at this
synapse (Grassmeyer and Thoreson, 2017). Our findings demonstrated that synaptically-coupled
horizontal cells were able to suppress Ca2+ influx at some ribbons but not others within a single
cone terminal. These experiments provided direct evidence that HC to cone feedback is capable of
modulating the voltage dependence of ICa at individual ribbon sites independently of one another.
The capability for independent control at individual ribbon synapses by different horizontal cells
allows for much more refined control of photoreceptor output during heterogenous changes in
illumination on the retina.
Measuring exocytosis
For the experiments described in Chapters 2-3, we used a number of different techniques
to measure exocytosis from photoreceptors. The key features of these techniques are briefly
summarized here. One of the most direct methods of assessing release is to measure postsynaptic
currents in voltage-clamped second-order neurons. Postsynaptic currents in horizontal and bipolar
cells arise from glutamate binding to the different types of postsynaptic receptors described above.
Glutamate release can be stimulated by applying depolarizing voltage pulses to simultaneously
voltage-clamped rods or cones. Although the focus was on feedback from horizontal cells to cones,
such paired recordings were used for experiments described in Chapter 2. Photoreceptors can also
be depolarized by use of extracellular stimulating electrodes as described in measurements of
release from mouse cones (Fig. 9).
Another technique takes advantage of glutamate transporter (EAAT) proteins that clear
glutamate from the synaptic cleft. At the photoreceptor synapse, these transporters are located
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densely near release sites on presynaptic photoreceptors and on neighboring Müller glial processes
(Brew and Attwell, 1987; Eliasof and Werblin, 1993). Electrogenic reuptake of glutamate back into
photoreceptors through EAATs generates a quantifiable anion current (Arriza et al., 1997). For
each cycle, EAAT co-transports one glutamate molecule, 2-3 Na+ ions, and one proton in exchange
for one K+ ion (Danbolt, 2001; Eliasof and Werblin, 1993; Kanai et al., 1995; Sarantis et al., 1988;
Zerangue and Kavanaugh, 1996). Binding of glutamate to the transporter allows an uncoupled
anion current (Cl- in a physiologic setting) to flow through the channel down its electrochemical
gradient (Wadiche et al., 1995). Rods primarily express EAAT5, which exhibits a robust Clconductance (Arriza et al., 1997; Eliasof et al., 1998). Cones primarily express EAAT2, which
exhibits a smaller Cl- conductance (Rauen et al., 2004; Rauen and Kanner, 1994; Schneider et al.,
2014; Wadiche et al., 1995). Using isothiocyanate (SCN-) as the main anion in the patch pipette
solution potentiates the glutamate transporter anion current for easier measurement (Eliasof and
Jahr, 1996). SCN- and other anions such as NO3- and ClO4- are known as chaotropic anions and
exhibit low charge density and weak hydrogen bonding with H2O (Collins, 1997; Collins and
Washabaugh, 1985; Thoreson and Stella, 2000). These anions shed their waters of hydration easily,
making it easier for them to permeate EAAT channels (Danbolt, 2001; Wadiche and Kavanaugh,
1998). When a photoreceptor is stimulated to release glutamate, the resulting glutamate transporter
anion current thus allows one to measure the magnitude of release. The glutamate transporter
current peaks within a few milliseconds of exocytosis and correlates strongly with membrane
capacitance measurements in bipolar cells (Palmer et al., 2003b), although transporter saturation
can occur during release of high levels of glutamate with strong stimulation in cones (Szmajda and
Devries, 2011). We measured glutamate transporter anion currents to assess release from mouse
rods and cones in Chapter 3.
ATP-dependent H+ pumps acidify vesicles to provide a driving force for the loading of
neurotransmitters. As a result, the lumen of a synaptic vesicle is approximately 2-2.5 pH units more
acidic than physiological pH (Liu and Edwards, 1997). Exocytosis therefore causes the release of
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both neurotransmitter molecules and protons into the synaptic cleft. The transient drop in cleft pH
can lead to a brief, H+-mediated inhibition of ICa. This type of inhibition has been characterized in
several sensory neurons, including cone photoreceptors (DeVries, 2001; Hosoi et al., 2005), retinal
bipolar cells (Palmer et al., 2003a), and auditory hair cells (Cho and von Gersdorff, 2014). Protonmediated inhibition of ICa was used to assess exocytosis in mouse cones in Chapter 3.
Extracellular field potentials can also be used to study release. In the retina, a technique
that is often used to assess neurotransmission between photoreceptors and bipolar cells in both
animal models and clinical patients is the electroretinogram (ERG). ERG signals arise from the
summed electric potentials of retinal cells in response to light stimuli. A light flash produces a
stereotypical waveform with well-defined components. Upon illumination there is an initial
downward deflection known as the a-wave that arises from photoreceptor light responses. Rods are
responsible for a-waves at low intensities while cones also contribute at higher intensities
(Frishman and Wang, 2011). The a-wave is measured from the pre-stimulus baseline to its negative
peak. The a-wave is not apparent at the very lowest intensities because it is masked by the positivegoing b-wave. The b-wave reflects the depolarization of ON bipolar cells that occurs in response
to light. Depending on flash intensity, ON BCs receiving input from both rods and cones may
contribute. As described above, mGluR6 activity is required for ON bipolar cell responses and is
therefore also required to generate the b-wave. L-AP4, an agonist that desensitizes mGluR6, can
be used to selectively abolish b-waves (Stockton and Slaughter, 1989) and mice with mutations in
the mGluR6 transduction cascade exhibit reduced or absent b-waves (McCall and Gregg, 2008).
B-waves are measured from the negative peak of the a-wave to the positive waveform peak.
Oscillatory potentials arise from the activity of inner retinal neurons (especially amacrine cells) and
are often seen superimposed upon the b-wave if the ERG is evoked by a bright stimulus
(Wachtmeister, 1998). Later components of the ERG include slow PIII, the c-wave, and the dwave. Slow PIII is a slow, negative-going component that follows the a-wave. It originates from
the buffering and movement of extracellular K+ through Müller glial cells (Newman et al., 1984;
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Newman and Reichenbach, 1996; Witkovsky et al., 1975). The c-wave is a delayed positive
component that arises from the activity of RPE cells (Linsenmeier and Steinberg, 1982; Wu et al.,
2004). Slow PIII and the c-wave are temporally superimposed (Frishman and Wang, 2011), but
PIII can be blocked by including Ba2+ in the extracellular solution (Bolnick et al., 1979; Newman,
1989). The d-wave is a net positive-going excursion that occurs upon the cessation of a prolonged,
bright stimulus. It reflects a combination of currents that lead to photoreceptor depolarization, ON
BC hyperpolarization (i.e. b-wave cessation), and OFF BC depolarization (Sieving et al., 1994;
Ueno et al., 2006). The stimuli used in experiments described in Chapter 3 did not typically evoke
measurable d-waves.
Varying the light stimulus (e.g. intensity, wavelength, state of dark adaptation, pattern of
multiple flashes) can yield useful information about rod versus cone function. Isolated rod function
can be evaluated using dim stimuli. Because rods saturate easily, cone function can be evaluated in
isolation by delivering light stimuli in the presence of rod-saturating background illumination or
by giving consecutive bright flashes at short intervals during which rods are unable to recover
(Frishman and Wang, 2011). Cones also signal more quickly than rods, and therefore a rapidly
flickering stimulus (greater than approximately 3 Hz) leads to flicker fusion of mouse rod responses
but cones can maintain their responses (Frishman and Wang, 2011; Tanimoto et al., 2009).
ERGs are commonly recorded in vivo both clinically and experimentally, but can also be
performed ex vivo as described in Chapter 3 (Newman and Bartosch, 1999). In these experiments,
we measured both the a- and b-waves. An inability of photoreceptors to generate light responses
would lead to a reduction in both a- and b-waves. On the other hand, as shown in Chapter 3,
dysfunction specifically of the exocytosis apparatus in photoreceptors would reduce the b-wave but
have no effect on the a-wave.

45

CHAPTER 2: Synaptic Ribbon Active Zones in Cone Photoreceptors
Operate Independently From One Another

Abstract
Cone photoreceptors depolarize in darkness to release glutamate-laden synaptic vesicles.
Essential to release is the synaptic ribbon, a structure that helps organize active zones by clustering
vesicles near proteins that mediate exocytosis, including voltage-gated Ca2+ channels. Cone
terminals have many ribbon-style active zones at which second-order neurons receive input. We
asked whether there are functionally significant differences in local Ca2+ influx among ribbons in
individual cones. We combined confocal Ca2+ imaging to measure Ca2+ influx at individual ribbons
and patch clamp recordings to record whole-cell ICa in salamander cones. We found that the voltage
for half-maximal activation (V50) of whole cell ICa in cones averaged -38.1 mV ± 3.05 mV (standard
deviation [S.D.]), close to the cone membrane potential in darkness of ca. -40 mV. Ca2+ signals at
individual ribbons varied in amplitude from one another and showed greater variability in V50
values than whole-cell ICa, suggesting that Ca2+ signals can differ significantly among ribbons
within cones. After accounting for potential sources of technical variability in measurements of
Ca2+ signals and for contributions from cone-to-cone differences in ICa, we found that the variability
in V50 values for ribbon Ca2+ signals within individual cones showed a S.D. of 2.5 mV. Simulating
local differences in Ca2+ channel activity at two ribbons by shifting the V50 value of ICa by ±2.5 mV
(1 S.D.) about the mean suggests that when the membrane depolarizes to -40 mV, two ribbons
could experience differences in Ca2+ influx of >45%. Further evidence that local Ca2+ changes at
ribbons can be regulated independently was obtained in experiments showing that activation of
inhibitory feedback from horizontal cells to cones in paired recordings changed both amplitude and
V50 of Ca2+ signals at individual ribbons. By varying the strength of synaptic output, differences in
voltage dependence and amplitude of Ca2+ signals at individual ribbons shape the information
transmitted from cones to downstream neurons in vision.
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Introduction
Photoreceptors release glutamate-laden vesicles at rates continuously regulated by graded,
light-driven changes in membrane voltage. To sustain this continuous and abundant output, the
number of vesicles in a photoreceptor terminal exceeds that of a conventional hippocampal synapse
by more than two orders of magnitude and photoreceptors possess specialized presynaptic
structures called ribbons that organize and coordinate vesicular release (Schmitz, 2009; Sterling
and Matthews, 2005). Cones can have up to 50 ribbon-style active zones that are typically separated
from one another by 500 nm or more within the synaptic terminal (DeVries et al., 2006), while
mammalian rods generally possess only a single ribbon (Carter-Dawson and LaVail, 1979; Sterling
and Matthews, 2005). Synaptic vesicles are tethered to a ribbon by thin filaments but can move
freely along the ribbon surface (Graydon et al., 2014). Beneath each ribbon sits a cluster of L-type
Ca2+ channels and other presynaptic proteins that control the exocytosis of synaptic vesicles (Lv et
al., 2016; Maxeiner et al., 2016; Mercer and Thoreson, 2011). Ribbon-localized Ca2+ channels
mediate nearly all of the photoreceptor ICa (Mansergh, 2005; Mercer and Thoreson, 2011; Xu and
Slaughter, 2005). The opening of Ca2+ channels generates large increases in Ca2+ just beneath the
ribbon, with the subsequent Ca2+ spread determined by both the magnitude of influx and
intracellular buffering conditions (Choi et al., 2008; Van Hook and Thoreson, 2015). Vesicular
release from cones, like many other CNS synapses (Brandt et al., 2005; Eggermann et al., 2011;
Goutman and Glowatzki, 2007; Jarsky et al., 2010), is regulated by Ca2+ levels attained only within
highly localized nanodomains adjacent to open Ca2+ channels (Bartoletti et al., 2011). Nanodomain
control of release and the fact that ribbon-associated Ca2+ signals can remain spatially restricted
from one another suggest that differences in Ca2+ dynamics among individual photoreceptor
ribbons could diversify signals transmitted to postsynaptic neurons.
Ribbon-bearing cochlear inner hair cells exhibit significant differences in the amplitude
and voltage dependence of ribbon-localized Ca2+ signals that are thought to contribute to diversity
in firing rate, sound threshold, and dynamic range among second-order spiral ganglion neurons
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(Frank et al., 2009; Ohn et al., 2016). Significant differences in Ca2+ influx arising from local
differences in the function or subunit composition of Ca2+ channels at different hippocampal
synapses have also been observed (Eltés et al., 2017). Voltage dependence might also vary at
different synapses as a consequence of local differences in the ionic environment and
neuromodulatory influence. Changes of only a few millivolts in the V50 for ICa, such as those caused
by inhibitory feedback from HCs (Verweij et al., 1996), can produce functionally significant
changes in synaptic output from cones. In this study, we asked whether ribbons within individual
cones show functionally significant differences in the voltage dependence of ribbon-associated
Ca2+ channels, allowing them to operate independently from one another. Alternatively, all ribbons
within an individual cone may exhibit the same voltage dependence and function more like a single
distributed ribbon.
To assess the functional independence of Ca2+ responses at individual ribbon synapses in
cones, we combined whole-cell patch clamp recordings of ICa with confocal imaging of individual
ribbons in a vertical slice preparation of salamander retina. After accounting for cone-to-cone
differences and potential technical sources of variability, we found significant intrinsic differences
in the amplitude and voltage dependence of Ca2+ influx among ribbons within individual cones. In
the absence of negative feedback from HCs, the intrinsic variability in V50 values among ribbons
(S.D. = 2.5 mV) is sufficient to produce differences in Ca2+ influx at individual ribbons of 45% or
more at a cone’s resting membrane potential in darkness. We assessed the sensitivity of confocal
Ca2+ measurements by manipulating extracellular pH to produce 3 mV shifts in voltage
dependence. By directly manipulating HC membrane potential in paired whole-cell recordings with
cones, we confirmed the ability of ribbons to operate independently by showing that inhibitory
feedback from an individual HC was capable of altering Ca2+ responses at some ribbons but not
others in a cone terminal (Thoreson and Mangel, 2012). In contrast to the traditional view that the
membrane potential in cones in darkness sits near the foot of the ICa activation curve (Barnes and
Kelly, 2002), we found that the average V50 for whole-cell ICa and ribbon Ca2+ signals was near the
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dark resting membrane potential. This arrangement is optimal for signaling small changes in
voltage produced by small changes in illumination (Sterling and Laughlin, 2015). Ribbon-to-ribbon
differences in voltage dependence and amplitude of Ca2+ responses can produce ribbon-to-ribbon
differences in synaptic gain and thus expand the transformations available to an individual cone for
encoding light-evoked voltage responses into changes in synaptic release. This may improve the
ability of a cone to signal luminance changes over a wide range of intensities.
Results
Small differences in the activation of ribbon Ca2+ influx can be detected
To visualize Ca2+ influx at individual ribbon sites, we used spinning disk confocal
microscopy while simultaneously controlling the membrane voltage of individual cones by voltage
clamp. We introduced a low-affinity Ca2+ indicator, Oregon Green BAPTA-5N (OGB-5N, Kd = 20
µM), into photoreceptors through the patch pipette and then evoked Ca2+ entry by delivering a
series of depolarizing voltage steps. Ca2+ signals elicited in this way were typically constrained to
hotspots near ribbons and only well-localized Ca2+ hotspots were analyzed (Choi et al., 2008; Frank
et al., 2009; Mercer and Thoreson, 2011; Ohn et al., 2016; Zenisek et al., 2003). Fig. 11A shows
an example from one cone in which three Ca2+ hotspots were imaged simultaneously in the same
confocal plane. Fig. 11A1 shows an image obtained prior to depolarizing stimulation while panel
A2 shows an image obtained during a depolarizing step to -19 mV. Subtracting the image in panel
A1 from that in A2 yielded the difference image shown in A3, in which three Ca2+ hotspots are
clearly visible (arrows). In this cell, we also labeled ribbons by introducing a RIBEYE-binding
peptide conjugated to tetramethylrhodamine (TAMRA) through the patch pipette (Zenisek, 2004).
After recording a series of depolarization-induced Ca2+ signals, we obtained a z-stack image to
visualize ribbons in the same cone. The three Ca2+ hotspots shown in Fig. 11A3 corresponded to
three distinct fluorescently-labeled ribbons at the plane used for Ca2+ imaging (Fig. 11A4). A fourth
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ribbon that was less strongly labeled was also visible in the same plane but did not produce a
discrete Ca2+ hotspot.

Figure 11: Depolarizing steps result in areas of localized Ca2+ influx at cone ribbons.
A: Example of a cone loaded with the low-affinity Ca2+ indicator OGB-5N and TAMRAconjugated RIBEYE-binding peptide. A series of depolarizing steps was delivered to the cell to
stimulate Ca2+ influx (from -79 mV to test potentials ranging from -39 mV to -19 mV in 5 mV
increments, 175 ms apiece). Panel A1 shows the pseudocolor fluorescence image (single 57 ms
frame) of OGB-5N fluorescence in a cone prior to stimulation. Panel A2 shows an image from the
same cone during a depolarizing step to -19 mV. Panel A3 shows the difference image obtained by
subtracting the control image in A1 from the test image in A2, revealing three distinct sites of Ca2+
influx in the terminal (arrows). In this cone, TAMRA-conjugated RIBEYE-binding peptide was
also delivered by patch pipette, and the labeled ribbons observed at the same confocal plane are
shown in panel A4. B: The cone voltage stimulation protocol and Ca2+ responses of the three ribbons
shown in Panel A. Traces show the fractional change in fluorescence over baseline (∆F/F). The
region used to measure baseline fluorescence during the first 1.3 seconds is shown by the red lines.
The graphs show ∆F/F measured in the three ribbons simultaneously during a single trial of the
voltage stimulus protocol. C: Data from two separate trials in this same cone showing peak ∆F/F
values for each depolarizing stimulus plotted against test step potential after normalizing to the
ribbon’s maximum ∆F/F within the trial. The voltage dependence was determined by fitting these
data with a Boltzmann function adjusted for Ca2+ driving force (lines). Best fit V50 and slope factor
values for trial 1: ribbon 1, -28.94 mV (95% confidence interval: -32.25 to -25.64 mV), 7.145;
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ribbon 2, -32.61 mV (-35.03 to -30.20), 5.616; ribbon 3, -29.91 mV (-42.25 to -17.562), 7.214. Best
fit values for trial 2: ribbon 1, -30.46 mV (-33.75 to -27.17 mV), 6.240; ribbon 2, -33.61 mV (40.36 to -26.86), 6.028; ribbon 3 -33.93 mV (-37.07 to -30.79), 5.621.

Fig. 11B illustrates the stimulation protocol used in this and most other experiments by
showing ribbon-localized Ca2+ responses evoked with a series of depolarizing test steps for the
three ribbons in Fig. 11A. At each of these ribbons, Ca2+-dependent fluorescence rose quickly
during each depolarizing step and then returned quickly to baseline after the step. The peak
fluorescence change (DF/F) elicited at each stimulation step was normalized to the maximum DF/F
signal within each trial. The change in DF/F as a function of voltage was then fit with a Boltzmann
function modified for Ca2+ driving force. Each ribbon site was analyzed independently. Figure 11C
shows results from two consecutive stimulation trials in the same cone. In both trials, ribbons 1 and
2 showed a similar difference in voltage dependence from one another, with their half maximal
voltage of activation (V50) values differing by 3.67 and 3.15 mV in trials 1 and 2, respectively. In
trial 1, the V50 value for ribbon 1 fell outside the 95% confidence interval for ribbon 2. The voltage
dependence of ribbon 3 differed more between the two trials, with the difference in V50 between
ribbons 1 and 3 increasing from 0.32 mV to 2.70 mV between trials 1 and 2. In trial 2, the V50 value
for ribbon 1 fell outside the 95% confidence interval for ribbon 3 and vice versa. Observations from
8 other cones also showed reproducible differences in V50 values between ribbons in the same cone
suggesting that the voltage dependence of ribbon Ca2+ responses may genuinely differ from one
another. In the experiments described below, we quantified these V50 differences after assessing
various factors that might confound measurement accuracy.
Evaluating accuracy of measuring ribbon-localized Ca2+ responses
To measure Ca2+ changes at individual ribbons, we drew regions of interest (ROIs) around
each ribbon-associated hotspot, tightly delineating regions with clear and distinct Ca2+ increases.
In experiments where we also included a fluorescent RIBEYE-binding peptide in the patch pipette
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to label ribbons (e.g., Fig. 11A4), ROIs for Ca2+ hotspots were defined by outlining the region of
peptide fluorescence in the same confocal plane.
The size of an ROI can influence Ca2+ signal amplitude. To examine the impact of ROI
area, we used RIBEYE-binding peptide fluorescence to define the ribbon boundary and then
compared the amplitude of depolarization-evoked Ca2+ changes (DF/F) as we varied ROI size
around the ribbon (Fig. 12A). As illustrated in Fig. 12B, DF/F of Ca2+ responses decreased as ROI
area was expanded to incorporate weakly responsive regions beyond the ribbon margins (blue
border in Fig. 12A). Using a very small ROI (4 x 4 pixels, ~0.4 x 0.4 µm, green border in Fig. 12A)
centered within the Ca2+ hotspot did not increase the amplitude of ΔF/F values beyond those
measured with an ROI that delineated the entire ribbon (e.g., magenta border in Fig. 12A). Use of
such small ROIs placed in sub-regions did, however, increase measurement noise, so we integrated
Ca2+ signals within the entire ribbon area to measure ribbon Ca2+ responses.
While changes in ROI size clearly affected ΔF/F amplitude, the normalized Ca2+ responses
in Fig. 12B show that the voltage dependence of Ca2+ signals was nearly identical for the three
different-sized ROIs shown in Fig. 12A. This is because voltage-dependent changes in Ca2+
fluorescence are strongly dominated by the signal at the center of the hotspot and so including
additional weakly responsive regions had little impact. Similar comparisons performed in three
other cones also showed that increasing ROI size diminished ∆F/F amplitude but did not
appreciably alter V50 values for Ca2+ signals. Therefore, while differences in ROI size contributed
to ΔF/F amplitude variability in our measurements, they did not appear to significantly alter V50
values.
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Figure 12: Impact of ROI size on Ca2+ signal measurements.
A: Three measurement ROIs superimposed on images of fluorescent RIBEYE-binding peptide
(left) and the Ca2+ signal difference image (right) obtained by subtracting baseline OGB-5N
fluorescence at -79 mV from a Ca2+ response at -19 mV. Higher magnification image (width = 5
µm) at the bottom right of panel A shows a close-up view of the ribbon-associated Ca2+ hotspot.
The ROI with the magenta outline was drawn to correspond to the ribbon boundary as defined by
RIBEYE-binding peptide fluorescence. The green ROI represents a 4x4 pixel (~0.4 x 0.4 µm)
region at the center of ribbon and the large blue ROI encompasses areas surrounding the ribbon. B:
Ca2+ signal ΔF/F and voltage dependence of the three different-sized ROIs in Panel A. ΔF/F
amplitude changes are plotted on the right axis. Boltzmann functions adjusted for driving force fit
to ΔF/F values normalized to peak changes are plotted on the left axis. Although ∆F/F amplitudes
were reduced considerably by use of the large ROI, the V50 values for the three different-sized ROIs
were within 1.1 mV of one another (4x4, Actual, and Large ROI V50 values = -38.7, -39.8, and 39.0 mV, respectively). “Actual ROI” measurements were for the magenta ROI shown in panel A.
We also examined the impact of confocal plane on measurements of ribbon Ca2+ signals.
In experiments where we introduced fluorescent RIBEYE peptide through the patch pipette, we
began Ca2+ measurements in the minutes before sufficient RIBEYE peptide had reached the
synaptic terminal to produce strong ribbon labeling. Therefore, we typically selected the Ca2+
measurement plane by iterative positioning of the objective’s z-axis and application of depolarizing
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steps to locate discrete Ca2+ hotspots. To assess the accuracy of identifying ribbon-localized Ca2+
hotspots in this way, we compared the plane selected for Ca2+ measurements to the plane of the
associated ribbon determined from a confocal z-stack of fluorescent RIBEYE peptide labeling (28
ribbons in 11 cones). Ca2+ measurements and z-stack images of RIBEYE fluorescence were
typically acquired a few minutes apart from one another and small movements of the recording
pipette or tissue during that time may have introduced additional displacements between the two
measurements. Nonetheless, Ca2+ measurement planes and the brightest RIBEYE fluorescence
planes differed by only 0.38 ± 0.60 µm (Fig. 13A). When we examined the z-axis position of single
fluorescent beads, we found that the beads imaged with 488 excitation/525 nm emission appeared
to be 0.070 ± 0.066 µm (p = 0.009, paired t-test; n = 10 beads) above the same beads imaged with
568 nm excitation/600 nm emission. Taking these optical differences into account reduces the
difference between measured planes to 0.31 ± 0.60 µm. This is less than the axial resolution of the
60X, 1.0 NA objective measured at 525 nm emission (1.45 µm). This shows good agreement
between planes chosen for Ca2+ signal measurements and ribbon planes identified by RIBEYE
peptide labeling.

Figure 13: Assessing potential effects of focal plane
placement on Ca2+ measurements.
A: Frequency distribution of the distance between
the focal plane at which a ribbon’s Ca2+ signal was
measured and the plane at which the peak
fluorescence of TAMRA-conjugated RIBEYEbinding peptide was observed in a confocal z-stack
acquired at the end of the recording (Gaussian mean
= 0.38 µm, SD = 0.60 µm; fit R2 = 0.96; n = 28
ribbons in 11 cones). B: Effect of focal plane
position on V50 values. Moving the focal plane of
Ca2+ measurement away from the ribbon plane ±1.14
µm shifted V50 values positively by +0.7 ± 2.9 mV
(p = 0.23, paired t-test; n = 25 ribbons in 12 cones).
Moving the plane ±2.28 µm shifted V50 values by
+1.6 ± 2.5 mV (p = 0.04, paired t-test; n = 12 ribbons
in 9 cones). Data are displayed as mean ± SEM.
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These results show that Ca2+ signals were measured at or very near the actual ribbon plane,
but we also considered how imperfect positioning of the focal plane of measurement might impact
a ribbon’s calculated V50 value. To do so, we measured Ca2+ responses of a ribbon at one plane and
then moved the objective up or down to make a second measurement. Fluorescent peptide was not
included in these experiments and so we defined the ribbon plane post hoc as the plane showing
the strongest Ca2+ response (largest DF/F). As illustrated in Fig. 13B, movements of ±1.1 µm away
from the plane of the ribbon caused a statistically insignificant V50 shift that averaged +0.7 ± 2.9
mV (p = 0.23) for 25 ribbons in 12 cones. A ±2.3 µm change in focal plane caused a larger,
statistically significant positive shift in V50 of +1.6 ± 2.5 mV (p = 0.04). The ability of ±2.3 µm
changes in focal plane to produce significant positive shifts in V50 values is likely a consequence
of Ca2+ buffering and dye properties, such that greater Ca2+ influx is required to attain levels that
can be accurately detected with the low-affinity Ca2+ dye.
Although large errors in focal plane placement can produce significant V50 shifts, these
results suggest that iterative z-axis positioning between Ca2+ imaging trials to select the best focal
plane resulted in ~95% of Ca2+ measurements being performed in a range spanning 1.2 µm about
the ribbon plane. Trial-to-trial differences between V50 values of Ca2+ measurements made at
different (±1.1 µm) focal planes did not differ significantly from trial-to-trial differences between
V50 values obtained at the same focal plane (p = 0.44, t-test; n = 25 and 20 ribbons, respectively).
This further indicates that focal plane selection had little or no impact on measurement variability.
Taken together, these results show that Ca2+ signals were measured at focal planes that lay within
the axial resolution limit to the true ribbon planes and that small differences among ribbon
measurement focal planes did not introduce significant additional variability to V50 values.
Because both focal plane and ROI size can influence the amplitude of ΔF/F measurements
in ribbons, we focused most of our analysis on ribbon-to-ribbon differences in voltage dependence.
However, there were also genuine differences in Ca2+ influx magnitude among ribbons. For
example, while peak ΔF/F values averaged 0.76 ± 0.77, one ribbon showed a peak ΔF/F value of
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3.95, more than 4 standard deviations above the average. This large Ca2+ increase was not due to
use of a particularly small ROI nor can it be explained by focal plane positioning.
In experiments where we labeled ribbons with a fluorescent RIBEYE-binding peptide, we
measured the length of the ribbon in the x-y plane by determining the distance between two points
along the ribbon’s longest axis where fluorescence intensity had declined by 50% (full width at
half maximum, FWHM). Measurements of ribbon length scale roughly with total ribbon size since
the base of the ribbon is longer and varies more than the other two ribbon dimensions. Cone ribbons
are 35-60 nm thick and extend <350 nm into the cytoplasm, but the length of a ribbon along its
base can be well over 1 µm (Pang et al., 2008; Pierantoni and McCann, 1984). Fluorescentlylabeled ribbons measured along their longest axis averaged 1.89 ± 0.87 µm (n = 26). The optical
point spread function showed a FWHM of 0.45 µm. Therefore, after consideration of optical
blurring, fluorescent measurements of ribbon length are consistent with ultrastructural
measurements in light-adapted turtle cones, in which ribbon length averaged 1.2 ± 0.6 µm
(Pierantoni and McCann, 1984). This supports the idea that individual Ca2+ hot spots generally
arose from activity at individual ribbons.
The length of a ribbon along its base determines the number of vesicles that can be tethered
at the plasma membrane and thus determines the size of the readily releasable pool of vesicles
(Bartoletti et al., 2010; Pang et al., 2008). We predicted that the number of Ca2+ channels clustered
beneath the base of each ribbon would also be correlated with the length of the ribbon. We therefore
compared the length of each ribbon to the FWHM of the associated Ca2+ signal. As predicted, we
found a strong linear correlation between ribbon size and the spatial extent of the associated Ca2+
signal (Fig. 14A, R2 = 0.75).
In cochlear inner hair cells, the maximum amplitude of depolarization-evoked Ca2+ signals
increased with increasing ribbon size (Frank et al., 2009; Ohn et al., 2016). We found no correlation
between ribbon size and peak ΔF/F values attained in the associated Ca2+ hotspot (Fig. 14B, R2 =
0.02) and the slope of the regression line did not differ significantly from zero (F-test, p = 0.48).
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The finding that Ca2+ signals are strongly correlated in spatial extent, but not peak amplitude, with
ribbon size suggests that the number of Ca2+ channels generally scales with ribbon size.

Figure 14: Ribbon size is correlated with Ca2+ domain
size but not maximal Ca2+ response amplitude.
A: Spatial extent of Ca2+ signals (1.87 ± 0.77 μm, n =
26; measured as the FWHM of the peak
depolarization-evoked OGB-5N fluorescence change)
vs. size of the associated ribbon (R2 = 0.75; p <
0.0001, F-test for non-zero slope). B: Maximum ∆F/F
amplitude of Ca2+ signals vs. size of the associated
ribbon. Maximum ∆F/F amplitude of Ca2+ signals
averaged 0.76 ± 0.77 (n = 25). Ribbon size is
represented by the full-width half maximum (FWHM)
of the TAMRA-conjugated RIBEYE-binding peptide
fluorescence measured along its longest axis in its
brightest confocal plane (1.86 ± 0.90 μm, n = 25; R2 =
0.02; p = 0.48, F-test for non-zero slope).

The voltage-dependent activation of L-type ICa can be altered by changes in extracellular
pH (Barnes et al., 1993; Iijima et al., 1986; Krafte and Kass, 1988). To assess our ability to
accurately measure small changes in V50 from ribbon-associated changes in Ca2+, we altered the
pH of the extracellular saline from 7.8 (control) to 7.6 to induce small changes in voltage
dependence of ICa activation. Consistent with earlier measurements of the effect of pH on
salamander cone ICa (Barnes et al., 1993; Barnes and Bui, 1991), lowering pH by 0.2 units shifted
V50 values of ICa in cones by +3.2 mV (Fig. 15, p = 0.03). This 0.2-unit pH change caused a readily
detectable and significant shift in the V50 of Ca2+ signals measured optically at individual ribbons
in the same cones that averaged +3.3 mV (Fig. 15, p = 0.03). These small, reproducible changes in
V50 induced by altering extracellular pH confirmed that small differences in Ca2+ signal voltage
dependence could be reliably detected at individual ribbons in our experiments.
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Figure 15: Small changes in voltage dependence of Ca2+ influx could be accurately detected.
Cone ICa and ribbon Ca2+ signals plotted against test potential at extracellular pH values of 7.8
and 7.6. Changing the pH of extracellular saline from 7.8 (control condition) to 7.6 produced a
positive shift in voltage dependence of ribbon Ca2+ responses (V50 shift = +3.3 mV, dashed lines)
and whole cell ICa (V50 shift = +3.2 mV, solid lines; p = 0.03 for both comparisons, paired t-test; n
= 8 ribbons in 7 cones). Normalized ICa traces (pink and light grey) were low-pass filtered at 200
Hz to facilitate visual comparison.

Cone-to-cone ICa V50 variability
Cone-to-cone differences in the voltage dependence of ICa activation could be a source of
post-synaptic variability in bipolar cells as well as a source of variability in V50 values when
comparing ribbons in different cones. We therefore examined the variability of V50 values
calculated from cone ICa activation curves measured electrophysiologically. Technical variability
in measurements of ICa in different cones could arise from differences in series resistance (Rser)
during whole-cell patch clamp recordings. To minimize this, we employed an amplifier (Alembic
VE-2, Alembic Instruments) with circuitry that allows complete and stable compensation of Rser
(Sherman et al., 1999). We measured cone ICa using a ramp voltage protocol (-99 to +51 mV, 0.5
mV/ms) with P/8 subtraction of passive membrane properties and then fit the normalized ICa curve
with a Boltzmann function adjusted for driving force. An example of ICa analyzed in this way is
shown in Fig. 16A, while Fig. 16B shows overlaid Boltzmann fits of ICa from 21 cones. Even after
compensating for Rser, we found modest differences in the voltage dependence of ICa from cone to
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cone, with an average V50 of -38.1 ± 3.05 mV (variance = 9.28 mV2, n = 28 cones) and slope factor
of 4.90 ± 1.34. The peak amplitude also differed among cones, averaging 163.6 ± 41.6 pA (n = 28).
We analyzed trial-to-trial variability of V50 values obtained from repeated ICa
measurements in the same cone, which produced an average variance of 1.0 mV2 (S.D. = 1.0 mV).
The Alembic amplifier circuitry allows near complete compensation for Rser, but the Clampex
membrane test evaluator suggested a small residual Rser averaging 2.1 ± 0.58 MΩ (n = 36). In 14
of the 28 cones used for ribbon analysis, we calculated the voltage error that would be introduced
by Rser after accounting for both the steady holding current and the magnitude of the inward ICa at
its activation midpoint. The voltage error in these recordings caused by residual, uncompensated
Rser averaged 0.54 ± 0.19 mV, indicating that the true V50 for the cones in our analysis is slightly
more negative than the value reported above. Additionally, this analysis shows that variability in
residual Rser among cones had a negligible impact on variance (0.04 mV2) in ICa V50 values among
cones.
Assuming a cone should have an unchanging ICa voltage dependence, the genuine
biological variability for ICa V50 among cones would have a S.D. of 2.9 mV (variance = 8.24 mV2
after subtracting trial-to-trial and Rser variance). Our recordings were largely performed in large
single cones but also included some small single cones and double cones (Mariani, 1986; Sherry et
al., 1998). V50 values for ICa showed a single Gaussian distribution (Fig. 16), suggesting
considerable overlap of voltage dependence among subtypes. Furthermore, in a separate set of
experiments using the same ramp protocol to measure ICa, we found no significant differences in
V50 values among these three cone subtypes (p = 0.56, ANOVA; n = 5 small single cones, 6 large
single cones, 6 principal members of double cones). The traditional view is that the membrane
potential for cones in darkness (-40 mV) rests near the foot of the activation curve for ICa (Barnes
and Kelly, 2002), but our results indicate that ICa would attain approximately half-maximal
activation in darkness. As discussed later, small cone-to-cone differences in resting membrane
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potential and ICa V50 values can produce functionally significant differences in Ca2+ influx and
synaptic output.

Figure 16: Ribbon-to-ribbon Ca2+ activation is more variable than cone-to-cone ICa activation.
A: ICa in one cone with Rser completely compensated. ICa was normalized to its peak value and
plotted against the cone holding potential during the voltage ramp protocol (grey trace). A
Boltzmann function adjusted for driving force was fit to these data (black line, V50 = -39.3, slope
factor = 4.88). Inward currents are plotted upward to compare more easily with Ca2+ signal
measurements. For this illustration, currents were digitally corrected for the passive membrane
resistance measured in the range from -85 to -70 mV. B: Overlaid Boltzmann function fits to
normalized ICa from the 28 cones in which ribbon Ca2+ signals in Panel C were measured. C:
Overlaid Boltzmann function fits to ribbon-associated Ca2+ signals of 47 ribbons in the 28 cones
shown in Panel B. Ribbons were analyzed as illustrated in Fig. 11. D: Distribution of V50 values
calculated from Boltzmann function fits to ICa (average = -38.1 ± 3.0 mV) and optical ribbon Ca2+
measurements made with OGB-5N (average = -34.8 ± 3.5 mV). Bars show the mean ± SD.
Ca2+ signals at cone ribbon sites exhibited small differences in voltage activation
Cone synaptic terminals contain a dozen or more synaptic ribbons that are each potentially
capable of providing distinct output channels to second-order horizontal and bipolar cells. To
determine whether these channels all transmit signals with equal voltage dependence, we examined
the Ca2+ activation profiles of many cone ribbon sites, including multiple ribbons from some cones.
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Fig. 16C shows an overlay of the Ca2+ activation curves from 47 ribbons in the 28 cones shown in
Fig. 16B. The V50 values for cone ribbon Ca2+ signals averaged -34.8 ± 3.49 mV. Slope factors for
the Boltzmann fit averaged 6.76 ± 1.73. This differed significantly (p < 0.0001) from slope values
for ICa due to the non-linear binding properties of the Ca2+ dye. The distributions of V50 values
calculated for cone ICa (Fig. 16B) and ribbon Ca2+ signals within these cones (Fig. 16C) are both
plotted in Fig. 16D, and both exhibited a normal distribution (p = 0.71 and 0.57, respectively,
D’Agostino & Pearson omnibus normality test). Even though multiple ribbons were often measured
in a single cone, V50 values of ribbon Ca2+ signals showed slightly greater variability than V50 values
of cone ICa. Thus, the voltage dependence of ribbon Ca2+ signals was more variable than would be
expected if all ribbons within a cone operated identically.
The V50 values calculated from ribbon Ca2+ influx in cones were 3.3 mV more positive
than V50 values determined from ICa (Fig. 16D). We hypothesized that this rightward shift in
activation was due to the low sensitivity of the low affinity Ca2+ indicator (OGB-5N, Kd = 20 µM),
such that small Ca2+ influxes evoked by weak depolarization lie below the dye’s linear response
range. To test this idea, we repeated our experiments using a slightly higher-affinity Ca2+ indicator,
OGB-6F (Kd = 3 µM), and expanded the test step series to include weaker steps to -49 and -44 mV.
In support of our hypothesis, the difference in V50 between Ca2+ signals and ICa was reduced to 2.3
mV when using OGB-6F (n = 25 ribbons in 11 cones). However, Ca2+ hotspots were less tightly
constrained with this higher-affinity dye, so we used OGB-5N for experiments examining ribbonto-ribbon differences in Ca2+ signals.
Estimating genuine ribbon-to-ribbon variability
To analyze how much ribbons truly differ in voltage dependence from one another, we
evaluated sources of technical and biological variability in our measurements. Variability in V50
values for ribbon-associated Ca2+ signals (S.D. = 3.49 mV, variance = 12.18 mV2, see Fig. 16)
could potentially arise from four sources: 1) technical variability in electrophysiological control of
cone ICa, 2) biological cone-to-cone variability in ICa activation, 3) technical variability in optical
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measurements of Ca2+ signals, and 4) biological ribbon-to-ribbon variability in ribbon-associated
Ca2+ signals. The combined impact of sources 1 and 2 (technical and biological variability of ICa
among cones) was captured by measurements of variability among whole cell ICa in different cones
(V50 S.D. = 3.05 mV, variance = 9.28 mV2, n = 28 cones, see Fig. 16D).
We assessed the amount of variance in Ca2+ signals among ribbons that can be explained
by the variance in whole cell ICa among cones by examining the correlation between V50 values of
cone ICa and V50 values of the ribbons measured in the same cones. We expected to find that much
of the ribbon-to-ribbon variability would be explained by cone-to-cone variability in whole cell ICa.
However, we instead found that V50 values for ribbon Ca2+ signals were only weakly correlated
with ICa V50 values from the cones in which they were measured (R2 = 0.105, slope = 0.39 ± 0.17
[SEM]; p = 0.026). To avoid weighting some cells more heavily than others, we repeated this
comparison after choosing a single ribbon from each cell. Selecting a single ribbon from each cone
to minimize the difference between ribbon V50 and ICa V50 (and thus maximize the correlation)
improved the correlation to R2 = 0.228 (grey circles in Fig. 17A; slope = 0.52 ± 0.19 [SEM]; p =
0.01). Selecting the one ribbon from each cone that maximized the difference between ribbon V50
and ICa V50 also slightly improved the correlation (open circles in Fig. 17A; R2 = 0.164, slope =
0.52 ± 0.23 [SEM]; p = 0.03). These coefficients of determination indicate that 16.4-22.8% of
ribbon-to-ribbon variance can be attributed to variance in ICa among cones. Thus, while the amount
of variance among V50 values for ribbon Ca2+ measurements was not significantly greater than the
variance among V50 values for ICa (F-test, p = 0.46), the sources of variance in the two samples
were largely independent.
We also assessed technical variability in optical measurements of Ca2+ signals (source 3).
For each ribbon, we fit the voltage-dependent ΔF/F profiles with a Boltzmann function adjusted
for driving force. We acquired up to five replicate data points for each depolarizing step in some
experiments, and when such replicates were available, we fit the entire sample as one. The standard
errors for V50 values obtained by nonlinear regression fits to ribbon Ca2+ signals provide a way to
quantify uncertainties in V50 contributed by optical Ca2+ measurement variability. From the
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standard errors of Boltzmann fits to Ca2+ imaging data, we found that measurement uncertainty
contributed an average variance of 3.61 mV2 (95% confidence interval: 2.35-4.87 mV2).
The genuine biological variability among ribbons was then determined by subtracting
contributions from sources 1, 2 and 3 from the overall ribbon-to-ribbon variability. We found that
16.4-22.8% of the overall ribbon-to-ribbon variance arises from cone-to-cone variance in ICa
(sources 1 and 2). Subtracting this contribution of cone-to-cone variance reduces ribbon-to-ribbon
variance from 12.18 mV2 to 9.50-10.23 mV2. Subtracting the additional variance introduced by
uncertainties in fitting Ca2+ responses (source 3: 3.61 mV2) leaves an estimated genuine biological
ribbon-to-ribbon variance of 5.89-6.62 mV2 (S.D. = 2.4-2.6 mV). Employing this same analysis
with data obtained from experiments with the Ca2+ dye OGB-6F yielded a similar ribbon-to-ribbon
variance (5.96-6.48 mV2, S.D. = 2.4-2.5 mV). This range of variability is consistent with the
example in Fig. 11 showing differences in V50 averaging 3.3 mV between two ribbons in the same
cone and indicates that the V50 values in a population of ribbons from a single cone are likely to
span a range of at least 5.0 mV (±1 S.D.).
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Figure 17: Genuine ribbon-to-ribbon variability can be functionally relevant.
A: V50 values of ribbon Ca2+ signals were not strongly correlated with V50 values of whole cell ICa
from the cones in which they were measured. The strongest correlation was obtained by using one
data point per cone and selecting the V50 values for ribbon Ca2+ signals that were most similar to
V50 for ICa in the same cone (grey circles). The graph shows the linear regression fit to this subset
of data along with the 95% confidence interval (R2 = 0.228, slope = 0.517 ± 0.187 [SEM]; p = 0.01,
F-test for non-zero slope). Open circles show the single ribbons from each cone with V50 values
that were least similar to V50 for ICa in the same cone. B: Ribbons can exhibit functionally relevant
differences in Ca2+ influx. The dotted black line simulates a ribbon with the average ICa parameters
from our analysis (V50 = -38.1 mV, slope = 4.9, Imax = 0.0251). The two solid lines show curves
differing in V50 by ±1 SD (V50 = -40.6 and -35.6 mV). The more positively-activating ribbon would
experience >45% less Ca2+ influx than the more negatively-activating ribbon at a cone membrane
potential of -40 mV (red dashed lines). Alternatively, the more negatively-activating ribbon would
experience >80% more influx than the more positively-activating ribbon at -40 mV.
While a 5 mV range of V50 values may seem modest, an activation difference of this
magnitude can alter Ca2+ influx by more than 45% when the cone is at a resting membrane potential
in darkness of -40 mV. This is illustrated by the theoretical Ca2+ response curves shown in Fig.
17B. We simulated the voltage dependence of ICa in cones using the average best-fit parameters of
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the ICa curves shown in Fig. 16B (dashed line in Fig. 17B), as well as curves with V50 values varying
by ±1 S.D. from the mean (S.D. = 2.5 mV, solid lines in Fig. 17B). At a membrane potential of
-40 mV, a ribbon exhibiting the more positive Ca2+ activation function (V50 = -35.6 mV) that is 1
S.D. above the mean would experience 45% less Ca2+ influx than a ribbon exhibiting a more
negative activation function (V50 = -40.6 mV) that is 1 S.D. below the mean. Extending this analysis
to consider V50 values ±2 S.D. away from the mean indicated a difference in Ca2+ influx of 70% or
more. Nearly identical differences in Ca2+ influx were obtained using average parameters of the
curves fit to optical ribbon Ca2+ measurements (i.e., Fig. 16C). In addition to altering the Ca2+ influx
at a given membrane potential, changes in V50 will also alter the slope of the relationship between
voltage and Ca2+ influx, thereby altering synaptic gain. At any given membrane potential, the slope
of this relationship will differ for ribbons exhibiting different V50 values, producing ribbon-toribbon differences in synaptic gain.
Horizontal cell feedback modulates Ca2+ influx at individual ribbons within cones
Inhibitory feedback from horizontal cells regulates synaptic transmission from cones,
contributing to the formation of center-surround receptive fields and color opponency in
downstream retinal neurons (Thoreson and Mangel, 2012). Depolarizing a HC, as occurs in
darkness, reduces the peak amplitude of cone ICa and shifts its activation positively by a few
millivolts (Verweij et al., 1996). In the experiments described above, we measured intrinsic
differences among ribbons while blocking inhibitory synaptic feedback from HCs to cones by using
a superfusate lacking bicarbonate and strongly buffered with 10 mM HEPES (Hirasawa and
Kaneko, 2003). As a further test of the ability of cone ribbons to be regulated independently, we
measured Ca2+ changes at individual ribbons while manipulating HC feedback during paired whole
cell recordings between cones and postsynaptic HCs. For these experiments, we superfused the
retinal slices with a bicarbonate-buffered medium that permits feedback (Warren et al., 2016a).
We compared ribbon Ca2+ responses when a postsynaptic HC was voltage clamped at either
-9 or -79 mV (i.e., with active or inactive inhibitory feedback, respectively). Before imaging, we
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first confirmed electrophysiologically that HC-to-cone feedback was present by holding the cone
at -39 mV for 2 s to activate ICa and then hyperpolarizing the HC with a step from -39 to -99 mV
to relieve inhibitory feedback. When feedback is present, hyperpolarizing the HC relieves feedback
inhibition of cone ICa and stimulates an inward current (Fig. 18A; Warren et al., 2016b). Fig. 18B
shows Ca2+ responses measured simultaneously at three different ribbons in one cone, with and
without negative feedback from the HC (red and black traces, respectively). In this example,
depolarizing the HC to activate inhibitory feedback reduced the amplitude of Ca2+ influx at one
ribbon (top set of traces) but not at the other two. Presumably, dendrites from the voltage-clamped
HC did not contact the two non-responsive ribbons. The Ca2+ changes at the ribbon subject to HC
feedback are plotted in Fig. 18C and show that depolarization of the HC reduced the magnitude of
Ca2+ influx at every cone test potential. By fitting Boltzmann functions to these activation profiles,
we also found that the V50 shifted positively by 1.0 mV when negative feedback was activated by
depolarizing the HC. In this example, we held the HC at either -79 or -9 mV while testing cone
responses over the entire voltage range (six replicate trials for each HC condition). Averaging
multiple trials in this way reduced trial-to-trial changes in Ca2+ response amplitude.
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Figure 18: Negative feedback from horizontal cells modulates cone ribbons independently.
A: Horizontal cell-induced feedback current for the cone with ribbon Ca2+ responses illustrated in
Panels B and C. HC-to-cone feedback was confirmed electrophysiologically by holding the cone
at -39 mV for 2 s to partially activate ICa and then testing whether hyperpolarizing the HC with a
step from -39 to -99 mV to relieve inhibitory feedback stimulated an inward current arising from
an increase in cone ICa (Warren et al., 2016b). B: Ca2+ responses (∆F/F) measured simultaneously
from three ribbons in a cone. Black traces show control responses obtained when the HC was
voltage clamped at -79 mV. Red traces show responses obtained while activating inhibitory
feedback to the cone by depolarizing the HC to -9 mV. In this cone, only one of the three ribbons
(top set of traces) showed a reduction in the amplitude of Ca2+ influx when negative feedback was
activated by depolarizing the HC. C: Average amplitude (∆F/F) of Ca2+ signals plotted against cone
membrane potential for the ribbon showing a feedback effect in Panel B. When negative feedback
was activated by depolarizing the HC to -9 mV, ribbon Ca2+ influx amplitude was decreased and
the V50 shifted from -39.7 to -38.7 mV. D: Alternative stimulus protocol for testing HC-mediated
feedback effects. This example shows an exemplar ribbon’s Ca2+ responses during a sequence of
depolarizing steps in the absence (white epochs) or presence (grey epochs) of inhibitory feedback
from a simultaneously voltage-clamped HC. Test potentials delivered to the cone are indicated as
Cone Vm. A second sequence was subsequently performed in this pair but with HC depolarization
applied first rather than second for each test step pair delivered to the cone. Measurements from
the two trials were averaged to calculate the feedback-mediated amplitude reduction and V50 shift
of Ca2+ responses at this ribbon. E: Reduction in peak ΔF/F amplitude by HC negative feedback
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(feedback trials: -26.6 ± 10.6%; p < 0.001, paired t-test; n = 16 ribbons in 14 cones; control trials:
-3.7 ± 12.6%; p = 0.4, paired t-test; n = 9 ribbons in 5 cones; p < 0.001 between conditions, t-test).
F: Magnitude of V50 shift in ribbon Ca2+ signals induced by depolarizing HCs from -79 to -9 mV
(feedback trials: +2.1 ± 2.5 mV; p < 0.001, paired t-test; n = 16 ribbons in 14 cones; control trials:
-0.7 ± 2.8 mV; p = 0.5, paired t-test; n = 9 ribbons in 5 cones; p = 0.02 between conditions, Mann
Whitney test). Data are displayed as mean ± SEM in Panels D and E.
In another approach to minimize trial-to-trial differences, we applied the same voltage step
to some cones twice in succession, changing the HC holding potential from -79 to -9 mV (or vice
versa) between the two steps (Fig. 18D). In the example shown in Fig. 18D, activating negative
feedback by holding the HC at -9 mV strongly inhibited Ca2+ responses at this ribbon compared to
responses evoked by the preceding test step applied when the HC was held at -79 mV. Strong
inhibition of cone Ca2+ responses by inhibitory feedback from the HC in this example was evident
despite the fact that in separate control trials conducted without a paired HC, the second in a pair
of depolarizing test steps applied to the cone sometimes evoked a larger response than the first. To
quantify feedback-evoked changes in amplitude and voltage dependence, we eliminated possible
order effects of this protocol by averaging two sequences in which we swapped the order in which
we applied the HC voltage changes. In one sequence, the first cone test step was applied while
feedback was activated by holding the HC at -9 mV and the second cone test step was applied while
holding the HC at -79 mV. In the other sequence, we reversed the order of HC test potentials to
activate feedback during the second of each pair of cone test steps (e.g., Fig. 18D).
Not every cone ribbon showed feedback-induced changes in Ca2+ signals. We saw
feedback-evoked modulation at 16 out of 25 ribbons (64%) in 14 cone-HC pairs in which the
presence of feedback was confirmed electrophysiologically (e.g. Fig. 18A). In four of these coneHC pairs, we saw changes at one ribbon but not another in the same cone. For ribbons that exhibited
a feedback effect, inducing negative feedback by depolarizing the HC from -79 to -9 mV caused a
significant reduction in peak Ca2+ signal ∆F/F amplitude at the 16 responsive ribbons (-26.6 ±
10.6%, p < 0.001). In identical control trials conducted without simultaneously voltage-clamped
HCs, we saw no significant change in Ca2+ signal amplitude (p = 0.4); the difference between
feedback and control conditions was significant (Fig. 18E, p < 0.001). Depolarizing HCs from -79
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to -9 mV also caused a significant positive shift in V50 (+2.1 ± 2.5 mV, p < 0.001) at ribbons
sensitive to feedback, which differed significantly from control trials without a voltage-clamped
HC (Fig. 18F, p = 0.02). The ability of HCs to regulate Ca2+ signals at some ribbons but not others
within a single cone provides further evidence that ribbons can operate in a functionally
independent manner. Modulation by HC feedback could increase or diminish intrinsic differences
in ribbon Ca2+ responses seen in the absence of feedback.
Discussion
Differences in voltage dependence and amplitude of ribbon Ca2+ signals
Our experiments reveal significant ribbon-to-ribbon differences in the voltage dependence
of ribbon-associated Ca2+ signals. After accounting for technical variability in Ca2+ signal
measurements and contributions from cone-to-cone variability in ICa, we found intrinsic variability
(i.e., in the absence of inhibitory feedback from HCs) of V50 values among ribbon-localized Ca2+
signals with a standard deviation of ~2.5 mV. Ribbon V50 values were normally distributed,
suggesting that 68% (±1 S.D.) of ribbons in a cone exhibit V50 values spanning a range of 5 mV.
We found a similar degree of ribbon-to-ribbon variability using the higher affinity Ca2+ dye OGB6F. Consistent with this range of V50 values, we also observed reproducible V50 differences of up
to 3.5 mV between neighboring ribbons in the same cone (e.g., Fig. 11). Measurements of ribbon
Ca2+ signals at two different pH values (7.6 and 7.8) confirmed that we could accurately detect 3
mV changes in voltage dependence (Fig. 15). Functional independence of ribbons was also
demonstrated by manipulating HC membrane potential to alter the strength of HC to cone feedback
and thereby produce reversible shifts in the V50 and amplitude of Ca2+ responses at individual cone
ribbons. Small variations in positioning the focal plane of measurement or the size of ROIs did not
contribute significantly to V50 variability. Although seemingly modest, differences in activation
voltage of a few millivolts can have a significant impact on Ca2+ influx. A typical cone dark resting
membrane potential of -40 mV places ICa quite close to its activation midpoint. A difference in V50
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values of 5 mV about that mean (±1 S.D.) would produce a difference in Ca2+ influx of more than
45%. Variation in the voltage dependence of whole-cell ICa would also produce cone-to-cone
differences in Ca2+ influx. Because release from cones is linearly related to ICa (Bartoletti et al.,
2011; Duncan et al., 2010; Jackman et al., 2009), ribbon-to-ribbon differences in Ca2+ influx would
be expected to produce differences in release exceeding 45% at the dark resting potential.
We first assessed intrinsic differences in V50 variability among cone ribbons under
conditions where inhibitory feedback from horizontal cells to cones was blocked by use of the pH
buffer HEPES (Hirasawa and Kaneko, 2003). In recordings where we allowed feedback to be
active, directly depolarizing a voltage-clamped HC to stimulate inhibitory feedback in a
simultaneously voltage-clamped cone shifted V50 of Ca2+ signals at cone ribbons by an average of
+2.1 mV and reduced the amplitude of ribbon-associated Ca2+ responses by an average of 27%. HC
feedback could therefore increase or diminish intrinsic differences in Ca2+ responses between
individual ribbons in the same cone. Effects of feedback evoked by depolarizing a single horizontal
cell were not exerted at every ribbon, but were instead restricted to a subset of ribbons within
presynaptic cones.
We focused our study on differences in voltage dependence among ribbon-associated Ca2+
signals rather than amplitude. One major reason for this was that response amplitude measurements
were more sensitive than V50 measurements to differences in placement of the focal plane or
delineation of the ROI (Figs. 12 and 13). However, some of the differences in response amplitude
observed between ribbons were far too large to be explained by these technical factors, indicating
that there are genuine differences in Ca2+ influx magnitude between ribbons. Genuine ribbon-toribbon differences in response amplitude were also shown by feedback experiments in which the
amplitude of ribbon-associated Ca2+ signals could be reversibly inhibited at one ribbon but not
another in the same cone by activating feedback from postsynaptic HCs (e.g., Fig. 18).
Salamander cone terminals do not exhibit Ca2+-induced Ca2+ release from intracellular
stores (unlike rods: Cadetti et al., 2006; Krizaj et al., 2003) nor do these terminals possess
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mitochondria (Linton et al., 2010). Local differences in mitochondrial Ca2+ uptake or release of
Ca2+ from endoplasmic reticulum stores are therefore not likely to be responsible for differences in
voltage dependence or amplitude among ribbon-style active zones in salamander cones. Instead,
these differences are more likely due to variability in Ca2+ influx through L-type Ca2+ channels
clustered beneath individual ribbons (Cadetti et al., 2006; Lv et al., 2012; tom Dieck et al., 2005).
In addition to modulation of Ca2+ signals by HC feedback, there are many factors that could
contribute to intrinsic ribbon-to-ribbon differences in Ca2+ influx. Differences in Ca2+ response
amplitude at different ribbons could arise from differences in the number of Ca2+ channels at each
ribbon. But in addition, Eltés et al. (2017) found significant differences in Ca2+ influx at different
hippocampal terminals that exceeded differences in Ca2+ channel number, suggesting that
differences in the function or subunit composition of Ca2+ channels also contribute to differences
among active zones. The main Ca2+ channel subtype in rod and cone photoreceptors is CaV1.4 but
there is also evidence for CaV1.3 channels (Xiao et al., 2007). Both of these channel types possess
splice variants with altered voltage dependence (Bock et al., 2011; Haeseleer et al., 2016; Tan et
al., 2011). Due to differences in the C-terminal domain, CaV1.4 channels lack Ca2+-dependent
inactivation (Wahl-Schott et al., 2006) and the inactivation properties of CaV1.3 channels can vary
among cells (Scharinger et al., 2015). It was suggested that interactions between Ca2+ channels and
accessory Gipc3 proteins may contribute to observed differences in the voltage dependence of Ca2+
influx among ribbons in inner hair cells (Ohn et al., 2016). Similarly, differences in the voltage
dependence and amplitude of Ca2+ signals at photoreceptor ribbons could potentially involve
accessory proteins like CaBP4 (Haeseleer et al., 2004; Lee et al., 2014). Voltage dependence and
conductance of photoreceptor Ca2+ channels can also be regulated by a host of neuromodulators
including dopamine, cannabinoids, nitric oxide, somatostatin, fatty acids, and insulin (Herrmann et
al., 2011; Kourennyi et al., 2004; Stella et al., 2001; Stella and Thoreson, 2000; Straiker and
Sullivan, 2003; Vellani et al., 2000), the influence of which might vary among ribbons. Ca2+
channel voltage dependence and conductance are also regulated by local extracellular
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concentrations of Ca2+, H+, Zn2+, Cl- or K+ ions (Babai and Thoreson, 2009; Cadetti et al., 2004;
Cadetti and Thoreson, 2006; Wilkinson and Barnes, 1996). Ca2+ channels beneath ribbons are
located at the apex of membrane invaginations that extend hundreds of nanometers into the cone
terminal (Lv et al., 2012; Sterling and Matthews, 2005; tom Dieck et al., 2005). By isolating ribbonassociated Ca2+ channel clusters, this anatomical arrangement could promote local differences in
the extracellular ionic microenvironment between invaginations. In the limited extracellular
volume surrounding cone Ca2+ channels, small differences in the expression of a handful of ion
channels, receptors, transporters, or binding partners could change the microenvironment enough
to alter Ca2+ channel voltage dependence and channel conductance. Bipolar cells terminate in
elaborately branched terminals possessing multiple presynaptic puncta (Euler et al., 2014). Ribbons
at spatially distinct puncta in bipolar cells may also exhibit functional independence in their Ca2+
responses, especially given the relatively strong endogenous calcium buffers that are present in
bipolar cells, equivalent to 1.2 mM BAPTA (Burrone et al., 2002).
In addition to differences in Ca2+ responses among ribbons, we found variability in the
voltage dependence of ICa among cones, with a standard deviation in V50 of 2.9 mV after accounting
for trial-to-trial variability. The variance introduced by residual uncompensated Rser was negligible.
In isolated rods, voltage dependence of ICa shifted to more negative values over the first 3 min of
whole cell recording as the pipette solution entered the cell (Corey et al., 1984). Time-dependent
changes in voltage dependence may have contributed to the observed variability but we waited at
least 3 minutes before making Ca2+ measurements and did not see consistent time-dependent
changes. Differential effects of dopamine on ICa in small single versus large single cones in
salamander retina indicate that different cone subtypes can possess different Ca2+ channel types or
key modulators (Stella and Thoreson, 2000). Immunohistochemical differences among medium
and short wavelength-sensitive cones of tree shrew retina also suggest that Ca2+ channel expression
may differ among cone subtypes (Morgans, 1999). Although these studies suggest that some of the
differences in ICa voltage dependence we observed might arise from differences in Ca2+ channel
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subtypes or regulation among different classes of cones, we found no significant differences in ICa
voltage dependence among the three cone subtypes examined in our studies.
Consistent with ultrastructural studies (Ahnelt et al., 1990; Pang et al., 2008; Pierantoni
and McCann, 1984; Sterling and Matthews, 2005), we found that the size of ribbons measured with
fluorescently-conjugated RIBEYE-binding peptides can vary appreciably. In inner hair cells, Ca2+
signal amplitude varied significantly among ribbons, with larger ribbons attaining higher
depolarization-evoked Ca2+ levels (Frank et al., 2009; Ohn et al., 2016). We did not find a
correlation between ribbon size and Ca2+ response amplitude but did find that ribbon size was
strongly correlated with the spatial extent of Ca2+ signals (Fig. 14). This suggests that the average
density of functional Ca2+ channels along the extent of a ribbon, which has been estimated at ~3
channels per vesicle in the readily releasable pool (Bartoletti et al., 2010; Thoreson et al., 2016), is
similar for different-sized ribbons. While larger ribbons did not necessarily exhibit larger peak Ca2+
responses, they nevertheless experienced greater total Ca2+ influx because of the larger area of Ca2+
entry.
Functional consequences of ribbon variability
It has typically been thought that at the dark resting membrane potential, cone ICa is near
the foot of its activation function (Barnes and Kelly, 2002). However, we found an average V50 for
cone ICa of -38.1 mV, close to the average resting membrane potential for cones in darkness of -40
mV (Thoreson and Burkhardt, 1991). Because the ICa/voltage activation curve is steepest at its V50,
this arrangement is optimal for maximizing changes in release during small light-evoked changes
in membrane voltage near darkness (Sterling and Laughlin, 2015). Such considerations also extend
to local ribbon Ca2+ signals. At any given cone membrane potential, ribbons with V50 values near
the membrane potential would exhibit the largest changes in synaptic output for a small change in
voltage. Ribbon-to-ribbon differences in the voltage dependence of Ca2+ influx would therefore
allow some ribbons to respond with greater sensitivity to light-evoked voltage changes under dim
illumination, when the cone membrane potential is more depolarized, and other ribbons to respond
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with greater sensitivity in bright conditions when cones are more hyperpolarized. Individual bipolar
and horizontal cells receive inputs from many cone ribbons. Receiving an ensemble of inputs from
ribbons with varying but overlapping sensitivities could improve the ability of bipolar and
horizontal cells to respond to contrasts over a wide range of light intensities.
Release of a vesicle at cone ribbon synapses requires the opening of an average of only 23 Ca2+ channels per vesicle (Bartoletti et al., 2011). A ribbon possessing more Ca2+ channels would
be more likely to have an open channel and therefore release a vesicle at a given membrane voltage
than a ribbon possessing fewer channels. This effectively makes ribbons with more Ca2+ channels
more sensitive to small changes in membrane potential at hyperpolarized potentials, functioning
much like a negative activation shift.
In the cochlea each postsynaptic spiral ganglion neuron contacts a single presynaptic inner
hair cell ribbon, so variability among ribbons has been proposed to drive the diversity of spiking
behaviors observed in spiral ganglion cells (Frank et al., 2009; Ohn et al., 2016). Unlike spiral
ganglion neurons, bipolar and horizontal cells in the retina receive inputs from many photoreceptor
ribbons. It is therefore less likely that ribbon-to-ribbon differences in V50 and amplitude of Ca2+
responses would produce significant differences in the responses of second-order neurons
(Burkhardt et al., 2006; Burkhardt and Fahey, 1998). To achieve such differences, the distribution
a cell’s ribbon inputs would have to be skewed towards more positive or negative potentials.
Postsynaptic differences in bipolar cell anatomy and physiology are more likely to be responsible
for differences in their response properties. A number of postsynaptic factors have been identified
as contributing to differences in response characteristics among bipolar cells, including differential
expression of glutamate receptors and ion channels, dendritic anatomy (e.g., dendritic extent and
position of postsynaptic contacts relative to the ribbon), and influence of lateral feedback from
horizontal cells to bipolar cells (DeVries et al., 2006; Euler et al., 2014; Lindstrom et al., 2014;
Puller et al., 2013; Szmajda and Devries, 2011; Thoreson and Mangel, 2012). Although ribbon-toribbon variability seems unlikely to be a major factor in generating response differences among
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bipolar cells, cone-to-cone differences in both resting membrane voltage and the voltage
dependence of whole cell ICa could produce differences among the responses of foveal midget
bipolar cells in primate retina that receive inputs from only a single cone.
Endogenous Ca2+ buffering in cones is surprisingly weak, equivalent to only 50-100 µM
EGTA (Van Hook and Thoreson, 2014). To improve the spatial resolution for detection of Ca2+
signals by confocal microscopy at individual ribbons, we used a higher concentration of EGTA (5
mM). Fast release of membrane-associated vesicles, as might occur during a rapid decrement in
light, is regulated by Ca2+ within highly localized nanodomains <100 nm from Ca2+ channels even
in the presence of weak exogenous buffering (Mercer et al., 2011; Van Hook and Thoreson, 2015).
On the other hand, the slower sustained release that dominates in darkness is governed more
strongly by the rate at which vesicles can be delivered to ribbons and ribbon-release sites (Jackman
et al., 2009; Van Hook and Thoreson, 2015). The replenishment process that controls sustained
release is itself regulated by Ca2+ acting at ribbon-associated sites located a few hundred
nanometers above Ca2+ channels, and so sustained release is much more sensitive than fast release
to Ca2+ buffering and global Ca2+ levels (Babai et al., 2010a; Vaithianathan and Matthews, 2014;
Van Hook et al., 2014; Van Hook and Thoreson, 2015). The impact of ribbon-to-ribbon differences
in Ca2+ entry would therefore decrease during sustained release that occurs under conditions of dim
illumination when Ca2+ levels are elevated similarly throughout the terminal.
Horizontal cell activity is governed by glutamatergic inputs from presynaptic
photoreceptors. Although there is controversy about the underlying mechanisms (Kramer and
Davenport, 2015), there is an emerging consensus that changes in voltage dependence and
amplitude of Ca2+ influx in cones caused by HC feedback involves extracellular proton levels
within the synaptic cleft (Barnes and Bui, 1991; Cadetti and Thoreson, 2006; Hirasawa and Kaneko,
2003; Kemmler et al., 2014; Vroman et al., 2014; Warren et al., 2016a). Not every ribbon within a
cone terminal was subject to feedback regulation from a single postsynaptic HC in our experiments.
However, we found that 64% of the ribbons we analyzed in synaptically-connected cone-HC pairs
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were sensitive to feedback from a single postsynaptic HC. This was a higher percentage than
predicted from previous work that suggested that a single HC in salamander retinal slices makes an
average of 2.1 synaptic ribbon contacts per presynaptic cone (Bartoletti et al., 2010). Because
salamander cones possess an average of 13 ribbons per cell (Bartoletti et al., 2010), we expected to
see detectable feedback effects in fewer than 20% of ribbons. Furthermore, if only the few ribbons
that directly contact an individual HC were influenced by its feedback, we would predict that the
impact of feedback on whole cell ICa—which is the summed currents from all the ribbons—would
be less than 20% of the impact on Ca2+ responses at single ribbons. Instead, feedback-induced
changes in the amplitude and voltage dependence of whole-cell ICa measured under similar
experimental conditions in paired cone-HC recordings (Warren et al., 2016a) were only slightly
smaller than changes observed at individual ribbons in the present study. The unexpectedly high
prevalence of feedback effects suggests that the strong HC depolarization used to elicit negative
feedback in these experiments may have spread through gap junctions to nearby coupled HCs,
allowing feedback effects to become evident at ribbons that were not directly contacted by dendrites
of the voltage-clamped HC. Much of the HC network is excised by slicing the retina into vertical
sections, suggesting that this signal spread is likely to occur close to the recipient cone. The spread
of voltage from one HC to another may contribute to the slower components of feedback seen in
response to an abrupt change in HC membrane potential (Fig. 18A; see also Warren et al., 2016b).
These findings suggest that feedback effects from individual HCs are amplified by local
interactions among HCs at photoreceptor synapses.
Our results show that Ca2+ signals at individual synaptic ribbons in cone photoreceptors
can vary significantly from one another in both amplitude and voltage dependence. V50 values of
ribbons within single cochlear inner hair cells varied with a standard deviation of 3.2 mV (Frank et
al., 2009; Ohn et al., 2016). Voltage dependence of inner hair cell ribbons also varied with
subcellular location, with active zones on the modiolar side of inner hair cells activating at more
positive voltages than pillar active zones. Thus, at least some of the differences among hair cell
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ribbons must arise from non-random processes (Ohn et al., 2016). Our results show that Ca2+ influx
at individual cone ribbons can be rapidly and actively regulated by HC feedback in a non-random
fashion. Intrinsic ribbon-to-ribbon differences in cones may also be actively regulated by cellular
processes operating on a slow time scale. Alternatively, they may simply result from random
differences in the expression and delivery of proteins to different parts of the cone. Regardless,
ribbon-to-ribbon differences in Ca2+ signals expand the range of transformations available to cones
for converting light-evoked voltage responses into synaptic release, and can thus expand the range
of information provided to downstream neurons about changing light levels.
Methods
Animal care and use
All experiments were performed using ex vivo vertical slices of retina from aquatic tiger
salamanders (Ambystoma tigrinum; Charles Sullivan Co., Nashville, TN) of both sexes (18-25 cm
in length). We used cones from salamander retina for these studies because the ribbons in these
cells are sufficiently far apart to be distinguished by optical imaging and because the synaptic
terminal sits at the base of the cell body where it can be effectively voltage-clamped. All animal
care and handling protocols were approved by the University of Nebraska Medical Center
Institutional Animal Care and Use Committee. Euthanasia was conducted in accordance with
AVMA Guidelines for the Euthanasia of Animals. Salamanders were kept on a 12-hour dark/light
cycle at 4-8 degrees C.
Slice preparation
One to two hours after onset of the dark cycle, salamanders were euthanized by
decapitation and rapidly pithed. The eyes were enucleated, the retinas isolated, and vertical retinal
slices (125 µm thickness) were prepared as described in detail elsewhere (Van Hook and Thoreson,
2013a).

77

Patch clamp electrophysiology
Throughout the experiments, the slice chamber was superfused at ~1 ml/min with chilled
amphibian saline solution bubbled with 100% O2 (HEPES solution, standard conditions) or 95%
O2/5% CO2 (HCO3- solution, when noted in text). The HEPES-buffered saline contained (in mM):
116 NaCl, 2.5 KCl, 1.8 CaCl2, 0.5 MgCl2, 5 glucose, and 10 HEPES. The pH of this solution was
adjusted to 7.8 (or 7.6 when noted in text) with NaOH. The bicarbonate-buffered solution contained
(in mM): 101 NaCl, 2.5 KCl, 2.0 CaCl2, 0.5 MgCl2, 11 glucose, and 22 NaHCO3. For both solutions,
the osmolality was measured with a vapor pressure osmometer (Wescor) and if necessary adjusted
to ~245 mOsm. Patch pipettes were pulled with a PP-830 or PC-10 vertical pipette puller
(Narishige) from borosilicate glass pipettes (1.2 mm OD, 0.9 mm ID, with internal filament; World
Precision Instruments) and had resistances of 9-15 MΩ. For some experiments, pipette shafts were
coated with dental wax to reduce stray capacitance. The intracellular pipette solution contained (in
mM): 50 CsGluconate, 40 CsGlutamate, 10 TEACl, 3.5 NaCl, 1 CaCl2, 1 MgCl2, 9.4 MgATP, and
0.5 GTP-Na, 5 EGTA. After salts were dissolved, the pH was adjusted to 7.2 with CsOH
(osmolality = 235–240 mOsm). All chemical reagents were from Sigma-Aldrich unless indicated
otherwise.
Experiments were performed on an upright fixed-stage microscope (Nikon E600FN) under
a water-immersion objective (60x, 1.0 NA). Cells were identified morphologically and recording
electrodes were positioned with Huxley-Wall micromanipulators (Sutter Instruments). After
obtaining a gigaohm seal, the patch was ruptured with gentle suction. Photoreceptor and horizontal
cell recordings were conducted in voltage clamp and were performed using Alembic VE-2
(Alembic Instruments) and Axopatch 200B (Axon Instruments/Molecular Devices) amplifiers,
respectively. Cone membrane currents from the Alembic were low-pass filtered at 3 kHz and
horizontal cell currents from the Axopatch were filtered at 2 kHz. Some membrane currents were
low-pass filtered at 200 Hz to facilitate data presentation. Signals were digitized with a Digidata
1322A (Axon Instruments, Molecular Devices) and acquired with pClamp 10 software (Molecular
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Devices). Series resistance was maximally compensated in every cone before recording using the
Alembic amplifier, which allows stable compensation (Sherman et al., 1999).
Whole-cell ICa was measured using a ramp voltage protocol (−99 to +51 mV, 0.5 mV/ms)
applied from a steady holding potential of -79 mV. Voltage-dependent and Ca2+-activated K+
currents in cones were blocked by TEA in the pipette solution and hyperpolarization-activated
cation currents (Ih) were inhibited by Cs+ (Barnes and Hille, 1989). Ca2+-activated chloride currents
were reduced by use of 5 mM EGTA but also activate slowly during the ramp protocol and are
therefore only evident after the ramp have moved above +20 mV (unpublished observations). For
determination of V50 values, passive membrane resistance was subtracted from ramp currents using
P/8 subtraction. Comparison of currents obtained in the presence of and absence of Cd2+ (0.1 mM)
yielded the same current/voltage profiles for photoreceptor ICa (Stella and Thoreson, 2000).
Consistent with earlier results (Stella and Thoreson, 2000), we also found that when we compared
ICa evoked during the sequence of voltage steps used for Ca2+ measurements (described below) to
ICa measured using the ramp voltage protocol (n = 6 cones), we observed the same voltage
dependence with both measurements.
Most of the Ca2+ imaging experiments described in this study used 175 ms depolarizing
steps applied from a steady holding potential of -79 mV (-39 to -19 mV, 5 mV increments) with 2
seconds between each step. We compared results obtained when the steps were applied in both
forward and reverse order (forward: -39 to -19 mV, reverse: -19 to -39 mV). In trials where steps
were applied in the forward order, ribbon Ca2+ signals yielded V50 values that were 2.06 ± 1.38 mV
more positive than whole cell ICa measured in the same cones (n = 10 ribbons, n = 7 cones). In trials
where steps were applied in the reverse order, ribbon Ca2+ signals yielded V50 values that were 2.17
± 0.97 mV more negative than whole cell ICa (n = 10 ribbons, n = 7 cones). Values from the two
different measurement sequences thus straddled the values for ICa. Photoreceptor ICa in salamander
rods shows slow and weak Ca2+-dependent inactivation (τ = 1.7 s; Corey et al., 1984; Rabl and
Thoreson, 2002). To reduce the potential impact of Ca2+-dependent inactivation, we performed step
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series in the forward order. As addressed in the results, the more-positive V50 values obtained when
steps are applied in the forward direction results at least in part from using the low affinity Ca2+
dye that does not readily detect small Ca2+ changes at weak voltages. For some of the later
experiments on HC to cone feedback, we also used a staircase protocol in which we did not return
to baseline (-79 mV) between test voltages to speed data acquisition during paired recordings.
Voltage dependence measured with the two protocols did not differ noticeably.
Whole cell membrane resistance and capacitance in cones averaged 192 ± 88.9 MΩ and 80
± 16.4 pF, respectively (mean ± SD, n = 47 cones). We excluded recordings if the current needed
to voltage clamp a cone at -79 mV exceeded 250 pA or if the series resistance prior to compensation
exceeded 60 MΩ. When multiple recordings within a cell were compared or averaged (e.g., when
comparing ramp ICa with step-evoked Ca2+ signals), only trials with holding currents within 50 pA
of one another were compared. When multiple stimulus trials were conducted within a cell, we
waited at least 1 minute between trials. We corrected membrane voltage values for a measured
liquid junction potential by subtracting 9 mV.
Confocal Ca2+ imaging
Confocal imaging was performed with Nikon Elements software using a laser confocal
scanhead (Perkin Elmer Ultraview LCI) equipped with a cooled CCD camera (Orca ER) mounted
on the Nikon E600FN. Excitation at 488 or 568 nm was delivered from an argon/krypton laser and
emission was collected at 525 or 600 nm, respectively, by a cooled CCD camera (Hamamatsu
OrcaER). Filters were controlled using a Sutter Lambda 10-2 filter wheel and controller. The
objective was controlled using a E662 z-axis controller (Physik Instrumente). Cell-impermeant
Ca2+ indicators Oregon Green 488 BAPTA-5N (OGB-5N, Kd = 20 µM, Thermo Fisher) or Oregon
Green 488 BAPTA-6F (OGB-6F, Kd = 3 µM, Thermo Fisher) were added to the patch pipette
solution at 400 µM. Images (57 ms/frame) were acquired during the voltage step protocol described
above and analyzed using Nikon Elements 4.5 and Microsoft Excel software. Fluorescence values
were measured as the mean pixel intensity within the region of interest (ROI). Baseline Ca2+ signal
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fluorescence was calculated by averaging signals during the first 1.3 seconds of the imaging trial
when the photoreceptor was voltage clamped steadily at -79 mV. Fluorescence changes (∆F)
evoked by depolarizing voltage steps were compared to baseline fluorescence (F) and the resultant
∆F/F ratios were normalized to the largest fluorescence change in each trial before using nonlinear
regression to determine V50 values (see Fig. 11). Reduction in ∆F/F amplitude induced by activation
of horizontal cell negative feedback during paired recordings was quantified by comparing the
maximum Ca2+ ∆F/F change in the absence of feedback to ∆F/F elicited by the same stimulus in
the presence of feedback. Ribbons were defined as being subject to negative feedback if ∆F/F was
reduced during horizontal cell depolarization in at least four out of five depolarizing steps (-39 to 19 mV) in two consecutive trials.
We measured the optical resolution of our system using fluorescent microbeads. The full
width half maximum (FWHM; 2.355 x S.D.) of Gaussian functions fit to the fluorescence profiles
in the x-y plane averaged 318 and 455 nm for 525 and 600 nm emission, respectively. To measure
resolution in the z-axis, we acquired a z-stack and measured the fluorescence profile as a function
of depth. The FWHM in the z-axis averaged 1.45 and 1.46 µm for 525 and 600 nm emission,
respectively.
Data analysis
Activation profile data from Clampfit, Nikon Elements, and Microsoft Excel was imported
to GraphPad Prism to perform nonlinear regression, statistical analyses, and to generate figures. To
calculate V50 values and construct ICa activation curves (G/Gmax), Ca2+ responses were fit with
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where Vrev = +41 mV and k is the slope factor of the voltage-dependent activation process. Vrev was
the only constrained parameter. Distribution normality was assessed by D’Agostino-Pearson Test.
Data is reported as mean ± SD unless indicated otherwise.
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CHAPTER 3: Ca2+ sensor synaptotagmin-1 mediates exocytosis in mammalian
photoreceptors

Abstract
To accommodate the continuous exocytosis required to encode small changes in membrane
voltage, photoreceptors utilize synaptic ribbons and an exocytotic mechanism highly sensitive to
Ca2+. We characterized the Ca2+ sensor that mediates exocytosis in mouse photoreceptors, focusing
on synaptotagmin-1 (Syt1). Similar to amphibians, mouse photoreceptors exhibited a lower Ca2+
cooperativity (2.7) of release than is typical of Syt1-mediated exocytosis. When Syt1 was deleted
from rods or cones, each exhibited markedly diminished exocytosis as measured by
electroretinography and single-cell recordings. Syt1 mediated all evoked release in cones but rods
remained capable of some slow Syt1-independent release. Spontaneous release persisted in
photoreceptors lacking Syt1, but its frequency increased only in rods. Loss of Syt1 did not alter
synaptic anatomy or reduce Ca2+ currents. Syt1 therefore operates with low Ca2+ cooperativity to
mediate both phasic and tonic release from photoreceptors, revealing unexpected flexibility in the
ability of Syt1 to regulate Ca2+-dependent synaptic transmission.
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Introduction
In response to light, rod and cone photoreceptors exhibit graded (non-spiking) membrane
voltage (Vm) changes that regulate the opening of voltage-gated CaV1.4 Ca2+ channels clustered at
the base of their ribbon-style active zones (LoGiudice and Matthews, 2009; Mercer and Thoreson,
2011; Pangršič et al., 2018). Domains of elevated Ca2+ above channels at the base of synaptic
ribbons are sensed by vesicular Ca2+-binding proteins that promote vesicle-cell membrane fusion,
thus transforming graded Vm changes into chemical signals sensed by second-order retinal neurons.
Ca2+-sensing proteins including synaptotagmin (Syt), otoferlin, and Doc2 are all capable of
mediating exocytosis in different contexts (Kaeser and Regehr, 2014; Pang and Südhof, 2010;
Pangršič et al., 2012).
The kinetic phases of exocytosis are understood to be partially dictated by the biochemical
properties of the Ca2+ sensor mediating release. Even at a single synapse, fast synchronous, slow
asynchronous, and spontaneous modes of release are thought to utilize distinct Ca2+ sensors with
differing Ca2+ binding properties (Kaeser and Regehr, 2014). The exponential relationship between
presynaptic Ca2+ and exocytosis, known as Ca2+ cooperativity, is also hypothesized to reflect a
property intrinsic to the sensor: the number of sequential Ca2+ ion binding steps that must take place
before it triggers exocytosis (Neher and Sakaba, 2008). At most synapses, including retinal bipolar
cells, fast phasic release evoked by action potentials is mediated by Syt1 or the closely-related Syt2
and exhibits a Ca2+ cooperativity of 4-5 (Augustine and Charlton, 1986; Bollmann et al., 2000;
Dodge and Rahamimoff, 1967; Jarsky et al., 2010; Landò and Zucker, 1994; Schneggenburger and
Neher, 2000). Syt7 has been shown to mediate slower, asynchronous release with lower
cooperativity (n = 1-2) that can occur after fast release (Bacaj et al., 2013; Luo et al., 2015; Turecek
and Regehr, 2018; Wen et al., 2010).
In contrast to bipolar cells and most other neurons, exocytosis from amphibian
photoreceptor synapses is triggered by sub-micromolar Ca2+ and exhibits a shallow Ca2+
cooperativity (n = 2-3) (Duncan et al., 2010; Rabl et al., 2005; Rieke and Schwartz, 1996; Thoreson
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et al., 2004). Amphibian photoreceptors are capable of fast and slow phasic release, continuous
(non-phasic) release, and spontaneous release (Bartoletti et al., 2010; Cork et al., 2016; Rabl et al.,
2005; Van Hook and Thoreson, 2015). The kinetics of the slow phase of evoked release and
continuous exocytosis that occurs at photoreceptor synapses in darkness are shaped by the time
required for vesicles attached further up the ribbon to descend and reach release sites at the ribbon’s
base (Sterling and Matthews, 2005). Different kinetic phases of release in photoreceptors may
therefore arise from the use of different Ca2+ sensors and/or structural factors that shape the kinetics
of vesicle delivery to the membrane.
The identity of the molecular Ca2+ sensors that mediate the different forms of release in
photoreceptors remain unknown. Immunohistochemical studies suggest the absence of Syt1 and
Syt2 in photoreceptors of lower vertebrates (Berntson and Morgans, 2003; Heidelberger et al.,
2003), but mammalian photoreceptors express Syt1, the Ca2+ sensor used at many conventional
synapses (Fox and Sanes, 2007; Ullrich et al., 1994). Do mouse rods and cones exhibit a low
cooperativity mechanism of exocytosis like amphibian photoreceptors, and if so, does this
mechanism result from the use of an unconventional Ca2+ sensor molecule or from factors that
modify the behavior of Syt1?
To address this question, we used single-cell recordings and electroretinography (ERG) to
evaluate photoreceptor exocytosis in novel conditional Syt1 knockout mouse lines where Syt1 was
removed separately from rods and cones. Our results demonstrate an integral role for Syt1 in
mediating both fast phasic and slower continuous modes of release in rods and cones, but also
suggest the presence of other Ca2+ sensors. Evoked release proceeded with a cooperativity of 2.7,
suggesting atypical function or modulation of Syt1 in mouse photoreceptors. These findings extend
the known capabilities of Syt1 to mediating release with low Ca2+ cooperativity in non-spiking
neurons.
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Results
Syt1 expression was specifically abolished in either rods or cones using conditional knockout
mice
To probe the potential function of Syt1 in mouse photoreceptors, we generated a
conditional, Cre-dependent Syt1 knockout mouse line with LoxP sites flanking exon 6 of Syt1
(Quadros et al., 2017) (Fig. 19A-B). This line was crossed with mice that express Cre recombinase
specifically in rods under control of the rhodopsin promoter (Rho-iCre) (Li et al., 2005) or in cones
under control of the human red-green pigment promoter (HRGP-Cre) (Le et al., 2004). To facilitate
targeting of cones for single-cell recordings (described below), we also crossed HRGP-Cre/Syt1
mice with a Cre-dependent tdTomato-expressing reporter line (Ai14).
Immunohistochemistry confirmed the efficacy of the conditional knockout approach. In
control retinas, Syt1 immunoreactivity was evident throughout the outer plexiform layer (OPL) in
both rod and cone terminals (Fig. 19C), consistent with previous studies (Berntson and Morgans,
2003; Fox and Sanes, 2007; von Kriegstein and Schmitz, 2003). Syt1 immunoreactivity in Syt1
heterozygote retinas (Rho-iCre, Syt1+/flox and HRGP-Cre, Syt1+/flox) was indistinguishable from
controls (Syt1flox/flox or Cre+, Syt1+/+; data not shown). In contrast, Rho-iCre; Syt1flox/flox homozygous
mutant (heretofore called RodSyt1CKO) retinas exhibited robust Syt1 expression in cone terminals but
Syt1 was completely absent from rod spherules (Fig. 19C, middle). Conversely, in HRGP-Cre;
Syt1flox/flox homozygous mutant (heretofore called ConeSyt1CKO) retinas, Syt1 was absent from cone
terminals but was strongly expressed in rod spherules (Fig. 19C, right). These results confirm that
Syt1 is expressed robustly in mouse photoreceptors and show that Syt1 expression was abolished
specifically from rods and cones in RodSyt1CKO and ConeSyt1CKO retinas, respectively.
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Figure 19: Syt1 was conditionally deleted from rods and cones in RodSyt1CKO and ConeSyt1CKO
retinas, respectively.
A: Top: Syt1 locus showing crRNA sequences used for inserting LoxP sites flanking exon 6; “/”
indicates the nucleotide positions where LoxP sites were inserted. Bottom: schematic of the Syt1flox
allele showing location of genotyping primers. B: Genotyping of the Syt1 allele from WT (Syt1+/+)
and Syt1 floxed mice (Syt1+/f: heterozygous, Syt1f/f: homozygous). Expected band sizes are 484 bp
for the WT allele and 524 bp for the floxed allele. C: Images centered on the OPL from control,
RodSyt1CKO, and ConeSyt1CKO retinas labeled with PNA (green) to mark cone terminals and an
antibody to Syt1 (magenta). Bottom images magnify the regions outlined in the top images. Dashed
outlines in the bottom right image show the approximate boundaries of cone terminals. Scale bars
= 10 µm.

Removal of Syt1 from photoreceptors diminishes ERG b-waves
We first examined the functional impact of the absence of Syt1 from rods and cones by
evaluating light-evoked ERG responses using an ex vivo eyecup preparation (Newman and
Bartosch, 1999). We focused on the ERG a-wave, which reflects the photoreceptor
phototransduction process, and the b-wave, which reflects neurotransmission from photoreceptors
to ON bipolar cells. The bath solution was supplemented with 100 µM BaCl2 to block slow PIII
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(Bolnick et al., 1979). Using brief (20 ms) flashes without background illumination, control retinas
exhibited a b-wave intensity-response function composed of rod-driven responses at low intensities
and a mixture of rod- and cone-driven activity at higher intensities (Fig. 20A-B). In control retinas,
the normalized b-wave became significantly non-zero at a flash intensity 10-5 of maximum (p =
0.003, one-sample t-test). RodSyt1CKO retinas, in which rods lack Syt1, exhibited markedly
diminished or no b-wave activity at the dimmest flash intensities; a much higher flash intensity was
required for RodSyt1CKO b-waves to become significantly non-zero (p > 0.05 at intensities below
10-3 of maximum; Fig. 20B, maroon data). Conversely, ConeSyt1CKO retinas exhibited rod-mediated
b-waves at low intensities that were as sensitive as controls; the threshold for b-wave detection was
the same as controls (10-5 of maximum intensity; p = 0.004; Fig. 20B, blue data). However, b-wave
amplitudes from ConeSyt1CKO retinas did not continue to match controls when stimulated by higher
intensity flashes, suggesting a diminished cone contribution to b-waves in ConeSyt1CKO retinas. The
effect of Syt1 deletion from cones was partially masked by increasing rod-driven responses at
bright flash intensities (Ronning et al., 2018).
There was no reduction in a-waves of RodSyt1CKO or ConeSyt1CKO retinas throughout the
response range (Fig. 20C). The threshold at which a-waves became significantly non-zero was at
an intensity 10-3 of maximum for both control and RodSyt1CKO retinas while ConeSyt1CKO retinas
became significantly non-zero at an intensity 10-3.5 of maximum. A-waves are only evident with
relatively bright flashes because they are masked at dimmer intensities by the b-wave. To evaluate
the impact of Syt1 deletion on rod photoresponses at lower intensities, we also used 20 µM L-AP4
to eliminate the b-wave (Stockton and Slaughter, 1989) and examined isolated photoreceptor
responses in control and RodSyt1CKO retinas (Fig. 20D). At the lowest intensities (≤ 10-4 attenuation),
a 500 ms light flash was used to obtain more reliable rod responses. There was no difference in
isolated photoreceptor responses throughout the intensity range between RodSyt1CKO and control
retinas. These results indicate that diminished photoresponses were not responsible for the b-wave
reduction in RodSyt1CKO and ConeSyt1CKO retinas.
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The b-wave to a-wave ratio provides a measure of the efficiency of translating light-evoked
Vm changes in photoreceptors to neurotransmission, with higher ratios indicating more efficient
release. Comparing b-wave/a-wave ratios at the brightest three intensities where a- and b-waves
were both reliably attained, RodSyt1CKO and ConeSyt1CKO retinas were both significantly less efficient
compared to controls at two of the three intensities (Fig. 20E).

Figure 20: Flash ERG responses suggest a significant role for Syt1 in photoreceptor
neurotransmission.
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A: Example ERG recordings from control, RodSyt1CKO, and ConeSyt1CKO retinas in response to 20
ms dim (left, 10-4 of maximum) and bright (right, 10-1 of maximum) flashes. B: Average B-wave
intensity/response curves for the three genotypes. Maximum intensity b-waves: control: 777.7 ±
174.4 μV, RodSyt1CKO: 396.1 ± 44.3 μV, ConeSyt1CKO: 354.0 ± 55.5 μV; RodSyt1CKO vs. control: p =
0.10, ConeSyt1CKO vs. control: p = 0.06 (one-way ANOVA). C: A-wave intensity-response curves
for the three genotypes. Same legend as B. Maximum intensity a-waves: control: 266.7 ± 37.1
μV, RodSyt1CKO: 301.4 ± 25.4 μV, ConeSyt1CKO: 261.6 ± 37.0 μV; RodSyt1CKO vs. control: p = 0.72,
ConeSyt1CKO vs. control: p = 0.99 (one-way ANOVA). D: Isolated photoreceptor responses in
control and RodSyt1CKO retinas. No means were significantly different (t-tests corrected for
multiple comparisons). E: B-wave/A-wave ratios for control (n = 10), RodSyt1CKO (n = 8), and
ConeSyt1CKO (n = 7) retinas. 10-2 attenuation: control: 5.5 ± 0.68, RodSyt1CKO: 0.99 ± 0.24,
ConeSyt1CKO: 3.3 ± 0.61; RodSyt1CKO vs. control: p = 0.0001, ConeSyt1CKO vs. control: p = 0.0005.
10-1 attenuation: control: 3.0 ± 0.36, RodSyt1CKO: 1.3 ± 0.11, ConeSyt1CKO: 1.6 ± 0.23; RodSyt1CKO vs.
control: p = 0.004, ConeSyt1CKO vs. control: p = 0.03. Maximum intensity: control: 2.4 ± 0.33,
RodSyt1CKO: 1.3 ± 0.13, ConeSyt1CKO: 1.5 ± 0.22; RodSyt1CKO vs. control: p = 0.08, ConeSyt1CKO vs.
control: p = 0.19 (repeated measures 2-way ANOVA). *** p ≤ 0.0005, ** p = 0.004, * p = 0.03
Two alternate approaches were used to further test the role of Syt1 in mediating ERG
responses. First, we delivered two flashes in rapid succession without background illumination
(Fig. 21A-B). Responses evoked by the first flash reflected the summed activity of both rods and
cones, but responses to the second flash were dominated by cones because rods were desensitized
much more strongly by the initial flash than cones. The ratio of the two b-waves (b-wave2/b-wave1)
reflects the amount of desensitization and was used to estimate cone contributions to the b-wave.
As expected, desensitization increased (i.e., b-wave2/b-wave1 ratio decreased) as flash intensity
increased, regardless of genotype (Fig. 21C). We predicted that if rod neurotransmission was
reduced in RodSyt1CKO retinas, their responses would be more cone-dominated and therefore exhibit
less desensitization than controls. Conversely, we predicted that responses of ConeSyt1CKO retinas
would be more rod-dominated and exhibit increased desensitization. Consistent with these
predictions, RodSyt1CKO b-wave2/b-wave1 ratios were increased significantly and ConeSyt1CKO bwave2/b-wave1 ratios were decreased significantly relative to control retinas at all intensities (Fig.
21C). The degree of a-wave desensitization did not differ among the three groups, supporting the
finding that phototransduction is normal in photoreceptors that lack Syt1 (Fig. 21D). Together,
these results provide further evidence of significant neurotransmission deficits in rods and cones
lacking Syt1.
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The complete elimination of b-waves evoked by the second bright flash in the double flash
protocol suggests that synaptic transmission from cones was eliminated in ConeSyt1CKO retinas. As
a further test of cone function, we recorded the ERG evoked by 25 Hz on/off square-wave stimuli
at a bright intensity. Unlike cones, rods are incapable of following rapidly flickering changes at this
high frequency (Tanimoto et al., 2009) and quickly adapt to the mean luminance of the bright
stimulus. ERGs from control mice were able to follow 25 Hz flickering stimuli, but ERGs from
ConeSyt1CKO retinas were not (Fig. 21E). The absence of any detectable flicker response provides
further evidence that release from cones was eliminated by loss of Syt1 in ConeSyt1CKO retinas.

Figure 21: Double-flash and flicker ERG responses indicate severely impaired neurotransmission
in photoreceptors that lack Syt1.
A: Schematic of the double-flash ERG protocol used for data in B-D. B: Examples of superimposed
ERG responses to the first and second flashes elicited by the protocol in B (10-1 of maximum
intensity) from control, RodSyt1CKO, and ConeSyt1CKO retinas. C: B-wave2/B-wave1 ratios for the three
genotypes across flash intensities. 10-4 attenuation: control: 0.75 ± 0.02, n = 12; RodSyt1CKO: 1.27 ±
0.06, n = 2; ConeSyt1CKO: 0.46 ± 0.06, n = 7; RodSyt1CKO vs. control not analyzed because n = 2,
ConeSyt1CKO vs. control: p = 0.0005. 10-3 attenuation: control: 0.60 ± 0.04, n = 13; RodSyt1CKO: 1.11
± 0.08, n = 4; ConeSyt1CKO: 0.31 ± 0.05, n = 8; RodSyt1CKO vs. control: p = 0.0005, ConeSyt1CKO vs.
control: p = 0.0008. 10-2 attenuation: control: 0.25 ± 0.02, n = 13; RodSyt1CKO: 0.59 ± 0.04, n = 6;
ConeSyt1CKO: 0.064 ± 0.02, n = 7; RodSyt1CKO vs. control: p = 0.0005, ConeSyt1CKO vs. control: p =
0.0008. 10-1 attenuation: control: 0.24 ± 0.02, n = 12; RodSyt1CKO: 0.53 ± 0.04, n = 6; ConeSyt1CKO:
0.042 ± 0.02, n = 6; RodSyt1CKO vs. control: p = 0.0005, ConeSyt1CKO vs. control: p = 0.0008.
Maximum intensity: control: 0.15 ± 0.03, n = 12; RodSyt1CKO: 0.27 ± 0.05, n = 5; ConeSyt1CKO: 0.014
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± 0.01, n = 7; RodSyt1CKO vs. control: p = 0.02, ConeSyt1CKO vs. control: p = 0.005 (one-way ANOVAs
corrected for multiple comparisons). D: A-wave2/A-wave1 ratios for the three genotypes. No
comparisons with control were significant at any intensity. 10-2 attenuation: control: 0.22 ± 0.03, n
= 13; RodSyt1CKO: 0.24 ± 0.02, n = 6; ConeSyt1CKO: 0.22 ± 0.04, n = 7; RodSyt1CKO vs. control: p =
0.93, ConeSyt1CKO vs. control: p = 0.99. 10-1 attenuation: control: 0.18 ± 0.02, n = 12; RodSyt1CKO:
0.21 ± 0.02, n = 6; ConeSyt1CKO: 0.27 ± 0.04, n = 6; RodSyt1CKO vs. control: p = 0.93, ConeSyt1CKO vs.
control: p = 0.17. Maximum intensity: control: 0.14 ± 0.02, n = 12; RodSyt1CKO: 0.18 ± 0.02, n = 6;
ConeSyt1CKO: 0.18 ± 0.04, n = 7; RodSyt1CKO vs. control: p = 0.93, ConeSyt1CKO vs. control: p = 0.76
(one-way ANOVAs corrected for multiple comparisons). E: Average (± SEM) normalized ERG
responses of control and ConeSyt1CKO retinas to a bright 25 Hz flicker stimulus. *** p < 0.001, ** p
= 0.005, * p = 0.02

Exocytosis from cones is markedly reduced in the absence of Syt1
The ERG results suggested a significant role for Syt1 in rod and cone neurotransmission,
but ERG recordings reflect the simultaneous activity of entire neuronal populations. To probe Syt1
function on a cellular level, we measured synaptic release from individual rods and cones with
whole-cell recordings. Exocytosis was assessed in two ways: 1) measuring the inhibition of ICa
produced by the release of protons upon synaptic vesicle fusion, and 2) recording anion currents
generated by the activity of presynaptic glutamate transporters.
We examined the transient inhibition of ICa caused by the release of vesicular protons
(DeVries, 2001; Palmer et al., 2003a; Vincent et al., 2018) during exocytosis in cones. As described
further below, ICa is much smaller in rods than cones so ICa inhibition was not apparent in rods. For
these experiments, tdTomato-positive cones in retinal slices from littermate HRGP-CretdT; Syt1+/flox
(control) and HRGP-CretdT; Syt1flox/flox (ConeSyt1CKO) retinas were targeted for recording (Fig. 22A).
Depolarizing steps produced a robust inward ICa in both control and Syt1-deficient cones, and
immediately following ICa activation, ICa in control cones—but not cones lacking Syt1—exhibited
a transient outward deflection similar to the vesicular proton-mediated inhibition of ICa described
previously in retinal neurons (DeVries, 2001; Palmer et al., 2003a) (Fig. 22B). To confirm that the
transient inhibition of ICa in control cones was mediated by H+, buffering of the extracellular
solution was strongly increased with 20 mM HEPES, which eliminated ICa inhibition (Fig. 22C).
To test whether the source of H+ was exocytosis of low-pH vesicular contents, cones were
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depolarized with two test pulses separated by a brief interval (25 ms steps with a 50 ms interpulse
interval). Repetitive stimulation in photoreceptors produces marked presynaptic depression due to
the depletion of releasable vesicles (Rabl et al., 2006). ICa inhibition was evident in control cones
during the first step, but not during the second step when the pool of releasable vesicles had been
depleted (Fig. 22D). Together, these results confirmed that the transient inhibition of ICa during
depolarizing steps in control cones was due to acidification of the cleft upon the release of
presynaptic vesicles. By subtracting ICa evoked by the second step from ICa evoked by the first step
of the paired-pulse protocol, we could isolate and quantify the inhibitory component of the current
(Iinhibition, Fig. 22E-F). While the size of Iinhibition averaged 23.5 pA in control cones, Iinhibiton was
absent in all cones that lacked Syt1 (Fig. 22F), indicating that Syt1 is necessary for evoked
exocytosis in cones.

Figure 22: Cones lacking Syt1 do not experience inhibition of ICa by vesicular H+.
A: Image of tdTomato+ cones in an ex vivo retinal slice. One cone was filled with a patch pipette
solution supplemented with Lucifer yellow (arrowhead). B: Average ICa recorded from 12 control
and 7 Syt1-deficient cones evoked by a depolarizing step. The arrow points to transient ICa
inhibition in control cones. C: ICa traces from a control cone in response to a depolarizing step in
control conditions, in the presence of 20 mM HEPES, and after washout of HEPES. D: The pairedpulse protocol used to isolate Iinhibition in E-F and an example of ICa recorded from a control cone
(same cell as shown in C). E: Average Iinhibition obtained by subtracting ICa during the second step
(ICa(2)) from the first step (ICa(1)) of the paired-pulse protocol (subtraction traces were smoothed for
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clarity). Dashed lines are placed at the beginning and end of the depolarizing step. F: Peak
amplitude of Iinhibition from control cones in control conditions, control cones with 20 mM HEPES,
control cones after washout; and ConeSyt1CKO cones in control conditions. Inset image shows Iinhibition
amplitude measurement for the control condition. Control: 23.5 ± 3.6, n = 5; HEPES: 2.8 ± 0.5, n
= 5; washout: 14.5 ± 3.8, n = 4; ConeSyt1CKO: 0, n = 4. Control vs. HEPES: p = 0.04, control vs.
wash: p = 0.07 (repeated measures one-way ANOVA); control vs. ConeSyt1CKO: p = 0.02 (MannWhitney test). One cone was lost before washout so it could not be included in ANOVA analysis.
* p ≤ 0.04

Glutamate release is reduced in Syt1-deficient photoreceptors
As a second technique to evaluate exocytosis in rods and cones, we utilized a retinal
flatmount preparation to record presynaptic glutamate transporter-mediated anion tail currents
(IA(Glu)) evoked by depolarizing stimuli of varying duration (Hasegawa et al., 2006; Szmajda and
Devries, 2011). Rod ribbons are surrounded by glutamate transporters EAAT2 and EAAT5 (Arriza
et al., 1997; Eliasof et al., 1998; Hasegawa et al., 2006) while cones express two EAAT2 splice
variants (Eliasof et al., 1998; Rowan et al., 2010; Schneider et al., 2014). Glutamate reuptake into
the presynaptic terminal by any of these isoforms activates a robust uncoupled anion conductance
(Arriza et al., 1997; Schneider et al., 2014) in rods and cones (Cork et al., 2016; Picaud et al., 1995).
Cl- was replaced with isothiocyanate in the patch pipette solution to potentiate IA(Glu) (Eliasof and
Jahr, 1996).
Control cones exhibited inward IA(Glu) tail currents in response to depolarizing steps to -10
mV of 2, 5, and 25 ms duration (Fig. 23A and 23C). The glutamate transport inhibitor TBOA (100
µM) substantially reduced IA(Glu), demonstrating that tail currents were indeed generated by
presynaptic glutamate transporter activity (Fig. 23C). Consistent with earlier results suggesting a
complete loss of release from cones, IA(Glu) was eliminated at all three stimulus durations in Syt1deficient cones from ConeSyt1CKO retinas (Fig. 23A and 23C). We also attempted to evaluate
exocytosis in response to 500 ms depolarizing steps, but the currents evoked in cones by 500 ms
stimuli were not blocked by TBOA and therefore did not appear to reflect IA(Glu).
Control rods exhibited inward IA(Glu) tail currents in response to steps to -10 mV of 5, 25,
and 500 ms duration (Fig. 23B and 23D). In agreement with results from cones, IA(Glu) was
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eliminated in Syt1-deficient rods from RodSyt1CKO retinas when stimulated with a 5 ms test step.
However, in contrast to cones, rods lacking Syt1 appeared capable of exocytosis that generated
IA(Glu) when stimulated by longer depolarizing steps (25 and 500 ms duration, Fig 23B and 23D).
To confirm that the tail currents measured from Syt1-deficient rods reflected IA(Glu), these
experiments were repeated while TBOA (300 µM) was included in the bath solution. TBOA
reduced IA(Glu) in RodSyt1CKO rods evoked by 25 and 500 ms steps, indicating that these currents
involved activation of glutamate transporters. Residual currents that remained in the presence of
TBOA may be due to Ca2+-activated Cl- channels in photoreceptor terminals (Barnes and Hille,
1989; Cia et al., 2005; MacLeish and Nurse, 2007; Mercer et al., 2011). Together, these results
suggest that Syt1 mediates fast, phasic release evoked by brief elevations of Ca2+ in both rods and
cones. While Syt1 appears to mediate all evoked release in cones, other Ca2+ sensors in rods appear
capable of stimulating release given a sufficiently high concentration and/or long duration of Ca2+
entry.
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Figure 23: Glutamate release is diminished in rods and eliminated in cones lacking Syt1.
A: Example IA(Glu) recordings from control and Syt1-deficient cones in response to 2, 5, and 25 ms
depolarizing steps. B: Example IA(Glu) recordings from control and Syt1-deficient rods in response
to 5, 25, and 500 ms depolarizing steps. C: IA(Glu) amplitude as a function of step duration in control
cones, ConeSyt1CKO cones, and control cones in the presence of 100 μM TBOA. 2 ms: control: 26.7
± 8.0 pA, n = 7 cones; ConeSyt1CKO: 0.99 ± 0.99 pA, n = 7 cones; p = 0.008 (t-test corrected for
multiple comparisons). 5 ms: control: 47.7 ± 5.2 pA, n = 15 cones; ConeSyt1CKO: 0.88 ± 0.61 pA, n
= 8 cones; control + TBOA: 4.7 ± 2.5 pA, n = 5 cones; ConeSyt1CKO vs. control: p = 0.0003, TBOA
vs. control: p = 0.0004. 25 ms: control: 51.2 ± 7.0 pA, n = 13 cones; ConeSyt1CKO: 3.0 ± 1.3 pA, n =
8 cones; control + TBOA: 3.2 ± 1.6 pA, n = 5 cones; ConeSyt1CKO vs. control: p = 0.0003, TBOA
vs. control: p = 0.0004 (one-way ANOVAs corrected for multiple comparisons). D: IA(Glu)
amplitude as a function of step duration in control rods, RodSyt1CKO rods, and in RodSyt1CKO rods in
the presence of 300 μM TBOA. 5 ms: control: 9.0 ± 1.7 pA, n = 19 rods; RodSyt1CKO: 1.1 ± 0.39 pA,
n = 26 rods; RodSyt1CKO + TBOA: 0.58 ± 0.58 pA, n = 6 rods; RodSyt1CKO vs. control: p = 0.0003,
RodSyt1CKO vs. RodSyt1CKO + TBOA: p = 0.95. 25 ms: control: 9.5 ± 1.5 pA, n = 19 rods; RodSyt1CKO:
4.9 ± 1.7 pA, n = 26 rods; RodSyt1CKO + TBOA: 1.3 ± 0.81 pA, n = 6 rods; RodSyt1CKO vs. control: p
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= 0.16, RodSyt1CKO vs. RodSyt1CKO + TBOA: p = 0.71. 500 ms: control: 18.2 ± 2.7 pA, n = 18 rods;
RodSyt1CKO: 22.4 ± 4.4 pA, n = 26 rods; RodSyt1CKO + TBOA: 7.7 ± 5.1 pA, n = 6 rods; RodSyt1CKO
vs. control: p = 0.66, RodSyt1CKO vs. RodSyt1CKO + TBOA: p = 0.37 (one-way ANOVAs corrected
for multiple comparisons). ** p ≤ 0.0004, * p = 0.008
In the absence of stimulation, we observed spontaneous fast, monophasic inward currents
in both rods and cones when they were voltage-clamped at -70 mV, below the activation threshold
for ICa (Fig. 24). These events represent glutamate transporter anion currents activated by
spontaneous fusion of vesicles from the same photoreceptor (Cork et al., 2016; Picaud et al., 1995).
Spontaneous IA(Glu) events were blocked by TBOA (n = 9 rods, 8 cones). Unlike evoked release,
and consistent with other synapses (Schneggenburger and Rosenmund, 2015), spontaneous release
was not abolished in the absence of Syt1. Neither the quantal amplitude of spontaneous IA(Glu) events
nor, surprisingly, the frequency of spontaneous release differed between control and ConeSyt1CKO
cones (Fig. 24A). By contrast, the frequency of spontaneous release increased significantly in rods
from RodSyt1CKO retinas (Fig. 24B), consistent with the suggested role for Syt1 in clamping
spontaneous vesicle fusion that is mediated by a different Ca2+ sensor (Kaeser and Regehr, 2014).
The quantal amplitude did not differ between control rods and rods lacking Syt1 (Fig. 24B).

Figure 24: Spontaneous release persists in photoreceptors lacking Syt1.
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A: Traces showing spontaneous IA(Glu) events from control and ConeSyt1CKO cones held at -70 mV.
Frequency: control: 5.8 ± 0.96 Hz, n = 7 cones; ConeSyt1CKO: 6.6 ± 1.09 Hz, n = 9 cones; p = 0.62
(t-test). Amplitude: control: 10.8 ± 1.34 pA, n = 7 cones; ConeSyt1CKO: 7.8 ± 0.95 pA, n = 9 cones;
p = 0.08 (t-test). B: Traces showing spontaneous IA(Glu) events from control and RodSyt1CKO rods
held at -70 mV. Frequency: control: 0.9 ± 0.25 Hz, n = 14 rods; RodSyt1CKO: 5.3 ± 1.25 Hz, n = 6
rods; p = 0.004 (Mann-Whitney test). Amplitude: control: 6.6 ± 0.70 pA, n = 14 rods; RodSyt1CKO:
6.4 ± 0.57 pA, n = 6 rods; p = 0.87 (t-test). * p = 0.004
The absence of Syt1 does not reduce rod or cone ICa
The results described above strongly suggested that Syt1 is the chief mediator linking Ca2+
influx to exocytosis in rods and cones. Another possible explanation for reduced neurotransmission
by Syt1-deficient cells could be impaired ICa, although results above suggested this was not the case
(Fig. 22). We compared the amplitude and voltage dependence of ICa in control and Syt1-deficient
rods and cones. In cones, ICa was measured using both a voltage ramp and depolarizing step series
(Fig. 25A-C). The current-voltage relationship obtained in cones with the voltage ramp (-90 to +60
mV, 0.5 mV/ms) closely matched the charge-voltage relationship (QCa = ICa integrated over the step
duration) evoked by a series of 50 ms depolarizing voltage steps (Fig. 25A). ICa and QCa magnitudes
were slightly larger in ConeSyt1CKO cones compared to control cones; this difference was statistically
significant for ICa but not QCa (Fig. 25D). Voltage at half-maximum (V0.5) values (obtained by fitting
voltage-activation relationships with Boltzmann functions) of ICa and QCa in Syt1-deficient cones
did not differ significantly from controls but tended to be shifted slightly negative. These small
differences in amplitude and V0.5 likely arose because control cones were subject to H+-mediated
ICa inhibition but ConeSyt1CKO cones were not (Fig. 22). Proton-mediated inhibition of ICa reduces
current amplitude and shifts voltage-dependence in the positive direction (Barnes et al., 1993).
Furthermore, such differences would be expected to confer a small gain-of-function to Syt1deficient cones and potentiate, rather than reduce, exocytosis. Unlike cones that have multiple
ribbons, mouse rods possess only a single ribbon, so ICa was much smaller in rods than cones. The
amplitude of ICa measured using voltage ramps did not differ between control and Syt1-deficient
rods, and the two genotypes did not appear to differ in voltage dependence (Fig. 25E-F). These
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results confirm that the marked neurotransmission defects in photoreceptors lacking Syt1 were not
due to a reduction in presynaptic Ca2+ influx.

Figure 25: ICa is not reduced in photoreceptors lacking Syt1.
A: Example current-voltage relationship of ramp-evoked ICa and step-evoked QCa (a Boltzmann
function adjusted for Ca2+ driving force was fit to QCa) in a control cone. B: Average QCa as a
function of step voltage for control and ConeSyt1CKO cones. No means differed significantly (t-tests
corrected for multiple comparisons). C: Example ramp-evoked ICa traces from a control and
ConeSyt1CKO cone. D: Ramp-evoked ICa peak amplitude (left) and V0.5 values (middle), and stepevoked QCa V0.5 values (right) from control and ConeSyt1CKO cones. ICa amplitude: Control: 33.1 ±
2.63 pA, n = 12; ConeSyt1CKO: 42.5 ± 3.43 pA, n = 12; p = 0.04 (t-test). ICa V0.5: Control: -36.6 ±
0.83 mV, n = 12; ConeSyt1CKO: -38.8 ± 0.84 mV, n = 11; p = 0.07 (t-test). QCa V0.5: Control: -33.2 ±
0.98 mV, n = 12; ConeSyt1CKO: -34.1 ± 2.01 mV, n = 7; p = 0.67 (t-test). E: Average ICa traces from

98

control and RodSyt1CKO rods. F: Ramp-evoked ICa peak amplitude from control and RodSyt1CKO rods.
Control: 4.6 ± 0.87 pA, n = 7; RodSyt1CKO: 4.2 ± 0.88 pA, n = 11; p = 0.76 (t-test).

OPL architecture is maintained when rods or cones lack Syt1
Mutations of active zone proteins in the presynaptic terminals of photoreceptors—
especially those associated with the Ca2+ channel complex—often lead to disordered synaptic
structure, with malformed ribbons and defective photoreceptor wiring (Bech-Hansen et al., 1998;
Haeseleer et al., 2004; Kerov et al., 2018; Mansergh et al., 2005; Strom et al., 1998; Wang et al.,
2017). These mutated proteins not only disrupt vesicle release (e.g., due to altered ICa), but also
play important roles in maintaining structural integrity of the ribbon or release sites. The role of
synaptic communication per se in promoting and maintaining synaptic integrity remains unclear.
Photoreceptor synapses of 4-6 week old mice were examined using transmission electron
microscopy (TEM) and immunohistochemistry (IHC). TEM images of the OPL of 5-week old
control and RodSyt1CKO retinas showed that rods of both genotypes contained well-formed synaptic
ribbons anchored at the base of rod spherules with close apposition of the canonical triad of
invaginating postsynaptic elements (presumably a central rod bipolar cell dendrite and horizontal
cell dendrites on either side of the ribbon, Fig. 26A). Rod ribbons were surrounded by a dense cloud
of vesicles, some of which were tethered to ribbons. IHC experiments showed that control and
Syt1-deficient rod ribbons were approximately equally-sized and both exhibited the stereotypical
horseshoe shape. Cone ribbons in ConeSyt1CKO retinas also appeared unchanged (Fig. 26B).
Consistent with the finding that ICa was undiminished in the absence of Syt1, rods and cones lacking
Syt1 maintained clusters of CaV1.4 channels below their ribbons (Fig. 26B). Measurements of the
thickness of the ONL, OPL, and INL from IHC images did not differ among RodSyt1CKO,
ConeSyt1CKO, and their respective littermate control retinas (Fig. 26C). Furthermore, the density of
cone terminals in the OPL, assessed by counting tdTomato-positive cone terminals in flatmount
retinas, did not differ between ConeSyt1CKO and controls (Fig. 26D).
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Figure 26: Photoreceptor synapses and retinal lamination appear unchanged in Syt1-mutant retinas.
A: TEM images of two rod synapses each from a control and RodSyt1CKO retina with pseudocoloring
of presumed horizontal cell (blue) and rod bipolar cell (magenta) dendrites. Scale bars = 200 nm.
B: Images centered on the OPL of RodSyt1CKO and ConeSyt1CKO retinas co-labeled with antibodies to
CaV1.4 (magenta) and CtBP2 (ribbons, green). Solid arrowheads indicate rod ribbon complexes
and the open triangle points to numerous ribbon complexes within a cone terminal. Scale bars = 5
µm. C: Measurements of ONL, OPL, and INL thickness from RodSyt1CKO, ConeSyt1CKO, and their
respective control retinas. ONL: rod control: 49.6 ± 3.79 μm, n = 4; RodSyt1CKO: 48.1 ± 1.56 μm, n
= 5; p = 0.69; cone control: 53.5 ± 2.88 μm, n = 6; ConeSyt1CKO: 49.5 ± 3.84 μm, n = 4; p = 0.42.
OPL: rod control: 5.7 ± 0.26 μm, n = 4; RodSyt1CKO: 5.3 ± 0.27 μm, n = 5; p = 0.34; cone control:
5.6 ± 0.10 μm, n = 5; ConeSyt1CKO: 5.5 ± 0.31 μm, n = 5; p = 0.88. INL: rod control: 43.4 ± 4.42 μm,
n = 4; RodSyt1CKO: 36.0 ± 1.58 μm, n = 5; p = 0.13; cone control: 45.8 ± 2.64 μm, n = 7; ConeSyt1CKO:
42.4 ± 4.49 μm, n = 4; p = 0.50 (t-tests). D: Density of cone terminals per 0.01 mm2 in control and
ConeSyt1CKO retinas. Control: 132.2 ± 9.81, n = 4 retinas; ConeSyt1CKO: 122.1 ± 2.59, n = 5 retinas; p
= 0.30 (t-test).

Unlike mutations of postsynaptic proteins in ON bipolar cell dendrites (Ball et al., 2003;
Dhingra et al., 2000; Pinto et al., 2007; Ray et al., 2014; Tagawa et al., 1999), mutations in critical
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presynaptic proteins at photoreceptor ribbon synapses typically cause horizontal and bipolar cells
to extend dendrites beyond their normal site of termination in the OPL and form ectopic synapses
in the ONL (Cao et al., 2015; Haeseleer et al., 2004; Kerov et al., 2018; Mansergh et al., 2005; tom
Dieck et al., 2005, 2012). We compared the anatomy of horizontal cell and bipolar cell dendrites
in control, RodSyt1CKO, and ConeSyt1CKO retinas and found no evidence for sprouting of dendrites or
an increase of ectopic synapses in the ONL. Triple labeling with antibodies to CtBP2 (ribbons),
Syt1, and calbindin (to label horizontal cells, Fig. 27) or secretagogin (to label cone bipolar cells,
Fig. 28); and double labeling of ribbons and rod bipolar cells (with antibodies to PKCa, Fig. 29)
demonstrated that postsynaptic elements continued to make proper contacts with rod and cone
ribbons in the OPL whether or not Syt1 was present in the associated presynaptic terminals. While
we focused on mice 4-6 weeks of age, photoreceptor synapses of 10-week-old RodSyt1CKO and
ConeSyt1CKO mice also appeared unchanged (data not shown). These results revealed that both rod
and cone synapses develop and are maintained normally in RodSyt1CKO and ConeSyt1CKO mice,
suggesting that neither Syt1-mediated activity nor Syt1 itself are required for establishing or
maintaining photoreceptor ribbon structures or their contact with postsynaptic neurons, even weeks
after synaptic maturation.

101

Figure 27: Horizontal cell dendrites maintain contact with Syt1-deficient rod and cone terminals in
the OPL.
OPL images of control, RodSyt1CKO, and ConeSyt1CKO retinas labeled with antibodies to Syt1
(magenta), CtBP2 (ribbons, green), and calbindin (horizontal cells, cyan). The top row of images
for each genotype contain yellow boxes that indicate the boundaries of the high magnification
images below. Red arrowheads point to representative cone terminals, yellow arrowheads point to
representative rod terminals. Scale bars = 10 µm.
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Figure 28: ON cone bipolar cell dendrites maintain contact with Syt1-deficient cone terminals in
the OPL.
OPL images of control and ConeSyt1CKO retinas labeled with PNA (green) to mark cone terminals
and antibodies to Syt1 (magenta) and secretagogin (cone bipolar cells, cyan). Red arrowheads
indicate cone terminals. Scale bars = 10 µm.

Figure 29: Rod bipolar cell dendrites maintain contact with rod ribbon synapses in the OPL of
RodSyt1CKO retina.
OPL images of control and RodSyt1CKO retinas labeled with antibodies to CtBP2 (ribbons, green)
and PKCα (rod bipolar cells, magenta). Boxes within images on the left indicate the boundaries of
high magnification images shown on the right. Selected rod bipolar cell dendrite-rod ribbon
contacts are indicated with arrowheads. Scale bars = 10 µm.
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Discussion
Our data demonstrate that Syt1 is the major Ca2+ sensor linking presynaptic Ca2+ and
vesicular exocytosis at photoreceptor synaptic ribbon active zones. In both rods and cones, Syt1
appears to mediate fast, synchronous release evoked by brief depolarizing stimuli. Because the
ERG b-wave reflects ON bipolar cell light responses, suppression of the b-wave in RodSyt1CKO and
ConeSyt1CKO retinas suggests that Syt1 also mediates continuous release in darkness in both rods and
cones. Only rods appeared capable of Syt1-independent evoked release and Syt1 suppressed the
frequency of spontaneous release only in rods, suggesting that Syt1 functions or is modulated
differently in rods and cones. Similar to properties of release from amphibian rods and cones that
do not possess Syt1 (Berntson and Morgans, 2003; Heidelberger et al., 2003), fast exocytosis from
mouse cones exhibits a Ca2+ cooperativity of 2.7 (Fig. 9). This is lower than the Ca2+ cooperativity
of 4-5 for fast synchronous release at other synapses that typically use Syt1 (Geppert et al., 1994;
Goda and Stevens, 1994; Jarsky et al., 2010). Syt1-deficient photoreceptors exhibit undiminished
ICa and maintain synaptic contacts with postsynaptic horizontal and bipolar cells despite diminished
synaptic communication.
Maintained integrity of photoreceptor synapses lacking Syt1
Immunohistochemistry and TEM data showed that photoreceptor synapses were
morphologically indistinguishable in control, RodSyt1CKO, and ConeSyt1CKO retinas (Figs. 26-29).
Previous studies of mouse photoreceptors examining mutations or the absence of critical ribbonassociated proteins CaBP4 (Haeseleer et al., 2004), CAST (tom Dieck et al., 2012), Bassoon
(Specht et al., 2007), and the CaV1.4 channel subunits a1 (Chang et al., 2006; Mansergh et al.,
2005), b2 (Ball et al., 2002; Katiyar et al., 2015), and a2d4 (Wang et al., 2017; Wycisk et al., 2006a)
have demonstrated reduced synaptic contacts, malformed ribbons, and/or ectopic photoreceptor
synapses with postsynaptic dendritic sprouting into the ONL. It has also been suggested that
photoreceptor synaptic dysfunction is the initiating event that causes horizontal cells to sprout
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ectopic dendrites in retinal degeneration (Soto and Kerschensteiner, 2015). That the absence of
Syt1 from photoreceptors did not affect the development or maintenance (up to 10 postnatal weeks)
of rod or cone synapses was remarkable given its integral role in photoreceptor neurotransmission.
However, consistent with our results, Cao et al. (2015) found that expressing tetanus toxin
to silence mouse photoreceptors throughout development caused only subtle morphological
changes to photoreceptor ribbons and occasional ectopic sprouting of postsynaptic dendrites
without major changes in ONL/OPL architecture. When the integral ribbon protein RIBEYE was
deleted in mice, neurotransmission was diminished but OPL anatomy was not markedly altered
(Maxeiner et al., 2016). Another study that deprived developing mice of visual experience had only
a subtle effect on the formation of cone synapses, but not rod synapses (Dunn et al., 2013). Finally,
mutations of postsynaptic mGluR6 signaling cascade members disrupt communication, but not
synaptic anatomy, between photoreceptors and ON bipolar cells (McCall and Gregg, 2008). These
results support the hypothesis that ribbon-associated Ca2+ channel complexes, ribbon structural
components, trans-synaptic protein interactions, or other Ca2+-dependent processes (i.e., as a
second messenger) may be the dominant factors establishing photoreceptor synaptic connectivity
(Joiner and Lee, 2015; Schmitz, 2009). Because Syt1 is a vesicular protein with no direct
association with the ribbon complex, our results are consistent with previous studies emphasizing
the importance of proteins involved in active zone organization while suggesting a limited role for
light-evoked neurotransmission in maintaining photoreceptor synapse integrity.
Spontaneous activity is understood to play a key role in synaptogenesis within the retina
and throughout the CNS (Andreae and Burrone, 2018; Soto et al., 2012), and Ca2+-dependent
neurotransmission before eye opening has been implicated in cone-horizontal cell synapse
formation specifically (Raven et al., 2008). Rods and cones lacking Syt1 remained capable of
spontaneous release (Fig. 24), so it is possible that Syt1-independent release is sufficient for both
the formation and maintenance of photoreceptor synapses. It is also possible that Syt1 expression
may rise briefly before its Cre-dependent deletion and this may be sufficient to establish
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photoreceptor wiring. Cre expression in both HRGP-Cre and Rho-iCre mice (Le et al., 2004; Li et
al., 2005) rises in parallel with formation of photoreceptor synapses during the second postnatal
week in mouse retina (Blanks et al., 1974). It is also possible that subtle morphological changes
occurred that evaded our detection or that Syt1-deficient photoreceptor synapses could form
properly but degenerate at time points beyond those evaluated by our study.
Implications of Syt1-mediated photoreceptor neurotransmission
Both conventional and ribbon synapses can exhibit fast and slow components to exocytosis
that arise from the use of multiple Ca2+ sensors, e.g., Syt1 and Syt7 (Bacaj et al., 2013; Jarsky et
al., 2010; Luo et al., 2015), and similarly, rods and cones release vesicles in distinct fast and slow
phases (Bartoletti et al., 2010; Rabl et al., 2005; Van Hook and Thoreson, 2015). In cones, both
phasic and tonic release are understood to occur exclusively via ribbons (Jackman et al., 2009;
Snellman et al., 2011). The kinetics of fast and slow phasic release at bipolar and photoreceptor
ribbon synapses are hypothesized to be limited by the speed at which vesicles can be delivered
down ribbons to release sites, which would not require different Ca2+ sensors to mediate fast and
slow release (Bartoletti et al., 2010; Sterling and Matthews, 2005). Indeed, the size of the initial
fast component of release in cones has been shown to match the number of vesicles contacting the
plasma membrane at the ribbon base and the second, slower component matches the number of
vesicles tethered higher up the ribbon (Bartoletti et al., 2010). Our results did not uncover any Syt1independent release in cones, suggesting that Syt1-mediated release at ribbons, with kinetics
dictated by vesicle delivery, is the dominant mechanism of evoked exocytosis in mouse cones. In
rods, fast release also appears to proceed by this mechanism, but slower forms may not.
Unlike cones, rods are capable of slow non-ribbon release that can be stimulated by Ca2+induced Ca2+ release (CICR) from intracellular ER stores (Chen et al., 2013, 2014; Krizaj et al.,
2003). Previous work inhibiting CICR significantly reduced light responses of horizontal cells and
bipolar cells in both amphibian and mouse retina, suggesting that non-ribbon release contributes
significantly to maintaining continuous release from rods in darkness (Babai et al., 2010b; Cadetti
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et al., 2006; Suryanarayanan and Slaughter, 2006). Our results showing that Syt1 mediates
continuous release in rods suggest either that: 1) non-ribbon release is mediated by Syt1 and is a
large contributor to continuous release, 2) non-ribbon release is not mediated by Syt1 but the
increase in spontaneous release frequency in rods lacking Syt1 (Fig. 24) obscures light-evoked
changes in continuous release rate, or most parsimoniously, 3) non-ribbon release is not mediated
by Syt1 but is actually a minor contributor to continuous release.
Exocytosis mediated by the fast sensor Syt1 could help to ensure that vesicles that reach
release sites are released with minimal delay. While fast sensors like Syt1 can promote fusion
within a few hundred microseconds after Ca2+ elevation, slower sensors generally take much longer
(Kaeser and Regehr, 2014). The use of Syt1 may promote a close temporal association between the
formation of Ca2+ nanodomains and vesicle release (Bartoletti et al., 2011; Van Hook and Thoreson,
2015), even during continuous release in darkness.
What could be the benefit of utilizing a Ca2+ sensor with low Ca2+ cooperativity? The high
cooperativity (n = 4-5) between Ca2+ and exocytosis that has been described at many synapses is
thought to be advantageous because increases in active zone [Ca2+] can be translated into release
rates orders of magnitude above the basal rate (Schneggenburger and Neher, 2005), maximizing
signal over noise when binary signals are conveyed by action potentials. Low cooperativity may
instead be advantageous at photoreceptor synapses, which do not experience action potentials. A
shallower relationship may prevent dramatic changes in release rate over the physiologic range of
[Ca2+], and in so doing, improve the signal to noise ratio of continuous release. Such a system might
allow for superior analog encoding.
Other possible Ca2+ sensors in photoreceptors
Consistent with other synapses where Syt1 has been shown to inhibit spontaneous fusion
of vesicles (Kavalali, 2015), the frequency of spontaneous miniature release events increased in
rods lacking Syt1 (Fig. 24). This result supports the hypothesis that Syt1 functions as a clamp of
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spontaneous fusion and that another Ca2+ sensor, perhaps Doc2, triggers spontaneous release
(Courtney et al., 2018; Groffen et al., 2010). That Syt1-deficient cones did not exhibit a similar
increase in frequency suggests that interactions between Syt1 and other exocytotic proteins differ
in rods and cones. Our results also indicate that in rods, a slower, unsynchronized form of release,
perhaps analogous to asynchronous release that has been described at other synapses, persists in
the absence of Syt1. This suggests the presence of Ca2+ sensors other than Syt1 that can trigger
release given a sufficient Ca2+ concentration and duration. A possible candidate is Syt7, which
mediates asynchronous release from retinal bipolar cells and other CNS neurons (Bacaj et al., 2013;
Luo et al., 2015; Turecek and Regehr, 2018).
Factors that determine cooperativity
While the biochemical basis for Ca2+ sensor cooperativity has not been conclusively
elucidated, one common explanation is that it reflects the number of Syt Ca2+ binding sites that
must be occupied for Syt to catalyze membrane fusion. The Syt1 C2A domain, which is dispensable
for exocytosis but modulates the Ca2+ cooperativity of release, contains three Ca2+ binding sites and
the C2B domain, which is essential for Syt1-mediated exocytosis, contains two (Bai and Chapman,
2004; Shin et al., 2009; Stevens and Sullivan, 2003). Accordingly, release mediated by Syt1
generally proceeds with a cooperativity of 4-5 (Geppert et al., 1994; Goda and Stevens, 1994;
Jarsky et al., 2010). On the other hand, Syt7 mediates asynchronous release with lower
cooperativity (n = 1-2) at many synapses and only the Syt7 C2A domain is critical for Syt7mediated release (Atluri and Regehr, 1998; Bacaj et al., 2013; Kochubey et al., 2011; Sun et al.,
2007; Turecek and Regehr, 2018). These studies support the concept that the intrinsic cooperativity
of the Ca2+ sensor approximates the number of Ca2+ binding sites of the sensor.
The results in Fig. 9 suggest that the biochemical cooperativity of the Ca2+ sensor in mouse
photoreceptors is similar to that of salamander rods and cones (n = 2-3) (Duncan et al., 2010;
Thoreson et al., 2004) that use a sensor other than Syt1 (Berntson and Morgans, 2003; Heidelberger
et al., 2003). This shallow relationship is not compatible with a model in which cooperativity
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reflects the binding of 5 Ca2+ ions to Syt1. Consistent with our results, the fast phase of release
from adrenal chromaffin cells, mediated by Syt1, exhibits a similar cooperativity to photoreceptors
(Heinemann et al., 1994; Schonn et al., 2008; Voets, 2000; Voets et al., 2001). It is possible that
interacting proteins or other modifications alter the C2 domains of Syt1 so that fewer Ca2+ ions are
required (e.g., occupation of only one of the C2 domains) to promote exocytosis. Interactions
between Syt1 and other SNARE complex members and intracellular signaling pathways have also
been shown to influence cooperativity (Sørensen et al., 2002; Stewart et al., 2000; Yang et al.,
2005). The presence of unique constituents of the exocytosis machinery, such as syntaxin 3B or
complexins 3 and 4 that are selectively expressed at retinal ribbon synapses (Babai et al., 2016;
Curtis et al., 2008, 2010; Reim et al., 2005), might affect cooperativity in photoreceptors. An
alternative explanation posits that cooperativity reflects the total number of Syt molecules that must
be activated on a vesicle to stimulate fusion with the presynaptic membrane (Guan et al., 2017).
Further studies will be required to determine which factors shape Ca2+ cooperativity in
photoreceptors.
Methods
Mice
Control and mutant mice were bred on predominantly or wholly C57/Bl6J backgrounds.
Mice were kept on 12 hour dark-light cycles. HRGP-Cre and Syt1flox (Syt1: MGI:99667) mice have
been described previously (Le et al., 2004; Quadros et al., 2017). Ai14 (RRID:IMSR_JAX:007914)
and Rho-iCre (RRID:IMSR_JAX:015850) mice were obtained from Jackson Labs (Li et al., 2005;
Madisen et al., 2010). Control mice for ERGs and rod single-cell recordings were Rho-iCrenegative,
Syt1flox/flox mice. Control mice for cone single-cell recording experiments were HRGP-Cre+,
Syt1+/flox, tdTomato+ mice. Mice aged 3-6 weeks of both sexes were used. Euthanasia was conducted
in accordance with AVMA Guidelines for the Euthanasia of Animals by CO2 asphyxiation followed
by cervical dislocation. All animal care and handling protocols were approved by the University of
Nebraska Medical Center Institutional Animal Care and Use Committee.
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Electroretinography (ERG)
Ex vivo ERGs were recorded using an enucleated eyecup preparation and chamber as
described in detail by Newman and Bartosch (1999). Mice were dark-adapted for > 30 minutes and
then euthanized and dissected in darkness under infrared illumination. Eyes were enucleated with
Graefe forceps and placed in Ames’ solution bubbled with 95% O2/5% CO2. The anterior portion
of the eye and the lens were removed while bathed in Ames’ solution and discarded. Relieving cuts
were made in the back half of the eye which was then everted over a Ag/AgCl pellet embedded in
a small mound of dental wax in the bottom half of the recording chamber. The top half of the
recording chamber with another Ag/AgCl electrode was then placed carefully over the eye and
secured as described (Newman and Bartosch, 1999). The chamber was kept in darkness while it
was transferred to the microscope stage. The eyecup was superfused with ~35o C Ames’ solution
bubbled with 95% O2/5% CO2 supplemented with BaCl2 and glutamic acid (both 100 µM) for the
duration of the experiment. Once in the recording configuration, the eyecup preparation was dark
adapted > 20 minutes before light stimuli were delivered.
Light stimuli were generated by a 50 W halogen lamp focused onto a fiber optic with
neutral density filters in the light path to attenuate intensity as needed. The light was directed onto
the eyecup from above. The unattenuated light intensity at 580 nm was measured as 5.8 x 105
photons s-1 µm-2 using a laser power meter (Metrologic, Blackwood, NJ). In control mice, ERG bwave responses to flashes of unattenuated white light were 1.51 ± 0.24 (n = 4) times larger than
responses to 580 nm light; the effective intensity of the unattenuated white light stimulus was
therefore ~8.8*105 photons s-1 µm-2, equivalent to approximately 7 x 105 photons s-1 rod-1
(Lyubarsky et al., 2004; Naarendorp et al., 2010).
For most experiments, single flash ERGs were evoked using a 20 ms flash. At low light
intensity (< 103 below maximum), stimulus trials were separated by at least 10 seconds. At higher
light intensities, trials were separated by minutes. For flicker experiments, flashes of 20 ms duration
with an equal duration of darkness between flashes (on-off square wave) were delivered. In flicker
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trials, responses to 25 consecutive square wave periods were recorded and the average ERG
response was calculated by averaging the ERG from periods 5-25 to avoid contamination from the
larger initial light-evoked waveform. These average flicker responses were normalized by dividing
by the amplitude of the b-wave evoked by the first flash applied during the trial and corrected for
non-zero slope (arising from slow ERG components or drift) to facilitate comparison among
samples. ERGs were recorded using PClamp software in current clamp configuration, AC coupled
at 0.1 Hz, and lowpass filtered at 3 kHz. A-wave amplitudes were measured from the pre-stimulus
baseline and b-wave amplitudes were measured from the a-wave trough to the b-wave peak.
Electrophysiology
Slice and flatmount experiments were performed on an upright fixed-stage microscope
(Nikon E600FN) under a water-immersion objective (60×, 1.0 NA). Cell bodies were identified
morphologically for rods or using tdTomato fluorescence for cones. Recording electrodes were
positioned with Huxley-Wall micromanipulators (Sutter Instruments). Rods and cones were
recorded in flatmount retinal preparations and cones were also recorded using vertical retinal slices
prepared similarly to salamander slices (Van Hook and Thoreson, 2013b). After obtaining a
gigaohm seal, the patch was ruptured with gentle suction. Photoreceptor recordings were performed
in voltage clamp using an Axopatch 200B (Axon Instruments/Molecular Devices) amplifier. Cone
membrane currents from the Axopatch were filtered at 2 kHz. Some membrane currents were lowpass filtered post-hoc at 600 Hz to facilitate data presentation. Signals were digitized with a
Digidata 1322A (Axon Instruments, Molecular Devices) and acquired with pClamp 10 software
(Molecular Devices). Passive membrane resistance was subtracted from ICa and IA(Glu) currents
using P/8 subtraction. Voltages were not corrected for liquid junction potentials (CsGluconate
pipette solution: 12.3 mV, KSCN pipette solution: 3.9 mV). For V0.5 calculations, ICa and QCa
measurements were fit with Boltzmann functions adjusted for Ca2+ driving force assuming a Ca2+
reversal potential of +50 mV.
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Whole cell recordings were performed at room temperature. Preparations were constantly
superfused at ~1 mL/min with Ames solution (US Biological) bubbled with 95% O2/5% CO2. The
solution in Fig. 22 in which 20 mM HEPES was supplemented to the Ames solution was prepared
to maintain consistent [Ca2+] and osmolarity by first dividing the control Ames medium into two
portions. 20 mM HEPES was then added to one portion, its pH was readjusted to 7.3 with NaOH,
and the solution was diluted with H2O to reach an osmolarity of 275-280 (approximately 10%
dilution). The control solution was then also diluted 10% and its osmolarity was returned to 275280 with NaCl. The intracellular pipette solution for ICa measurements contained (in mM): 120
CsGluconate, 10 TEACl, 10 HEPES, 2 EGTA, 1 CaCl2, 1 MgCl2, 0.5 NaGTP, 5 MgATP, 5
phosphocreatine, pH 7.2-7.3. For IA(Glu) measurements, KSCN replaced CsGluconate in the
intracellular solution and EGTA was raised to 5 mM. All chemical reagents were obtained from
Sigma-Aldrich unless indicated otherwise. Membrane capacitance, membrane resistance, and
access resistance values for cones in slices using the CsGluconate pipette solution averaged 9.4 ±
0.4 pF, 1.1 ± 0.07 GΩ, and 74 ± 4.0 MΩ (n = 30); and for cones in flatmounts using the KSCN
solution were 6.2 ± 0.2 pF, 0.53 ± 0.05 GΩ, and 77 ± 6.5 MΩ (n = 27). For rods using the
CsGluconate pipette solution these values averaged 3.3 ± 0.2 pF, 2.0 ± 0.4 GΩ, and 55 ± 12 MΩ
(n = 8); and for the KSCN solution were 3.6 pF ± 0.2, 1.9 ± 0.2 GΩ, and 56 ± 7.9 MΩ (n = 12, all
rods were recorded in flatmounts).
Horizontal slices of retina used for recording horizontal cell EPSCs were prepared as
described in detail elsewhere (Feigenspan and Babai, 2017). Briefly, the retina was isolated and
then cut into 4–6 pieces and embedded in 1.8% low gelling agarose (Sigma-Aldrich). Horizontal
slices (160–200 μm thick) were cut with a vibratome (Leica Microsystems) at room temperature.
During recordings, retinal slices were perfused at ∼1 ml/min with oxygenated extracellular medium
containing (in mM): 116 NaCl, 22.6 NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 1 MgCl2, 10 glucose, 5
HEPES, and variable CaCl2 (pH 7.4). Whole-cell recordings were obtained from horizontal cell
somas using 8–15 MΩ patch electrodes fabricated from borosilicate glass (1.5 mm outer diameter,
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0.86 mm inner diameter) on a P-97 micropipette puller (Sutter Instruments). The pipette solution
contained (in mM): 137 CsGluconate, 13 TEACl, 4 MgATP, 0.4 NaGTP, 5 EGTA, and 15 HEPES,
pH 7.2. Whole cell recordings were performed with an EPC-10 patch-clamp amplifier (HEKA)
controlled by Patchmaster software (HEKA). For electrical stimulation, brief electrical pulses (120 V, 1 ms) were applied through a platinum-iridium bipolar stimulating electrode (Science
Products, Hofheim, Germany) using an isolated pulse stimulator (A-M Systems, Model 2100,
Sequim, WA). The stimulating electrode was placed in contact with the surface of the retinal slice,
close to a horizontal cell body. The position of the stimulating electrode was adjusted to maximize
EPSCs in the horizontal cell. Electrical stimulation caused artefacts during the early rising phase
of EPSCs but these artefacts did not interfere with measurements of peak amplitude.
Immunohistochemistry
Mice aged 4-6 weeks were euthanized as described and eyes were enucleated in Ames
solution. For immunohistochemistry sections, the anterior portion of the eye was removed and the
posterior eyecup was fixed in 4% paraformaldehyde for 30-40 minutes, washed 6 times for 10
minutes each in PBS, and cryoprotected overnight at 4o C in 30% sucrose. Eyecups were embedded
in OCT compound (Sakura Finetek USA) and stored at -80o C until sectioning at 20-30 µm with a
cryostat (Leica CM 1800). For experiments in which tdTomato+ cone terminal density was
quantified, retinas were removed from the eyecup, fixed for 15 minutes in 4% paraformaldehyde,
washed in PBS, and flatmounted photoreceptor side up. For antibody staining, retinal sections were
treated with a blocking solution of 1% Triton X-100 and 6% donkey serum (Jackson Labs) before
both the primary and secondary antibody application steps. Primary and secondary antibodies were
diluted to working concentrations in blocking solution. Sections were incubated in primary
antibodies at 4o C for 1-3 nights and in secondary antibodies at room temperature for 2-3 hours.
Both retinal sections and flatmount retinas were mounted with Vectashield (Vector Labs) before
imaging. The specificity of anatomical markers have been described previously: calbindin (Massey
and Mills, 1996), CtBP2 (Schmitz et al., 2000), PKCα (Greferath et al., 1990), and secretagogin
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(Puthussery et al., 2010). Primary and secondary antibodies and dilutions are listed in Table 1.
Confocal imaging was performed using Nikon Elements software and a laser confocal scanhead
(Perkin Elmer Ultraview LCI) equipped with a cooled CCD camera (Hamamatsu Orca ER)
mounted on a Nikon E600FN microscope. Fluorescent excitation was delivered from an
argon/krypton laser at 488, 568, or 648 nm wavelengths and emission was collected at 525, 607,
and 700 nm, respectively. Filters were controlled using a Sutter Lambda 10–2 filter wheel and
controller.

The

objective

was

controlled

using

a

E662

z-axis

controller

(Physik

Instrumente). Images were analyzed and adjusted using Nikon Elements, Fiji, and Adobe
Photoshop software. TdTomato+ cone terminal densities were quantified by averaging the density
of multiple separate 0.01 mm2 areas of random eccentricity per retina. Retinal layer thickness
measurements were made using clear boundaries of layer-specific antibodies (e.g., Syt1 in control
retinas clearly defines the boundaries of the OPL and IPL) measured every 10 µm on two different
confocal planes (separated by >2 µm) from each cryosection, producing average thicknesses
calculated from 20-40 measurements per mouse.
Antibody

Vendor

Catalog #

RRID:

Dilution

Swant

CB38

AB_2721225

1:10,000

BD

612044

AB_399431

1:1000

Santa Cruz

sc-5966

AB_2086774

1:250

Rabbit anti-CaV1.4

Dr. Amy Lee, U. of
Iowa

n/a

AB_2650487

1:1000

Peanut agglutinin
(PNA, FITC
conjugated)

Bionexus

BN-F44

N/A

1:100

Rabbit anti-PKC

Santa Cruz

sc-10800

AB_2168560

1:200

Rabbit antisecretagogin

Biovendor

RD181120100 AB_2034060

1:1000

Rabbit anti-calbindin
Mouse anti-CtBP2
Goat anti-CtBP2

Mouse antiSyt1*Oyster550

Synaptic Systems

105 011C3

AB_887827

1:1000

Donkey anti-goat
secondary (Alexa
Fluor 488 conjugated)

Thermo Fisher
Scientific

A11055

AB_142672

1:200

Goat anti-mouse-FITC

BD

554001

AB_395197

1:200
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Goat anti-rabbit
secondaries (Alexa
Fluor 488 and 568
conjugated)

Thermo Fisher
Scientific

A11008,
A11011

AB_143165,
AB_143157

1:200

Donkey anti-rabbit
secondary (Alexa
Fluor 568 conjugated)

Thermo Fisher
Scientific

A10042

AB_2534017

1:200

Donkey anti-rabbit
secondary (Alexa
Fluor 647 conjugated)

Abcam

Ab150075

AB_2752244

1:200

Table 1: Antibodies used in Chapter 3.
Electron microscopy
Retinal pieces were fixed overnight at 4 deg C in 2% glutaraldehyde, 2%
paraformaldehyde, and 0.1 M Sorensen’s phosphate buffer (pH 7.4). After fixation, retinas were
washed three times in phosphate-buffered saline and then placed in 1% osmium tetroxide. Samples
were dehydrated through a graded ethanol series with each concentration (50%, 70%, 90%, 95%,
100%) applied for 3 min. Retinas were then washed three times with 100% propylene oxide.
Samples were left overnight in a 1:1 mixture of Araldite embedding medium and propylene oxide,
embedded in fresh Araldite in silicon rubber molds, and then placed in an oven at 65o C overnight.
Resulting blocks were thin sectioned on a Leica UC6 ultramicrotome and placed on 200 mesh
copper grids. Sections were stained with 1% uranyl acetate and Reynold’s lead citrate. Sections
were examined in a FEI Tecnai G2 TEM operated at 80 kV.
Statistical analysis
Statistical analysis and data visualization were done using GraphPad Prism. Where
applicable, p values were adjusted for multiple comparisons using the Holm-Šídák method for
multiple one-way ANOVA and t-tests. Post-hoc testing for one-way ANOVAs was done using
Dunnett’s tests. The criterion for statistical significance was set at a = 0.05. Data is presented as
mean ± SEM.
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DISCUSSION
The research described in this dissertation has focused on elucidating basic mechanisms of
signal transmission at the photoreceptor synapse. This synapse is intriguing for a number of
reasons. First, the presence of the synaptic ribbon is unique to a few sensory cells in the mammalian
CNS: photoreceptor and bipolar cells in the retina along with cochlear and vestibular hair cells in
the inner ear. The unique arrangement of structural proteins and vesicles at these active zones are
distinct from most neurons and shape their output (Sterling and Matthews, 2005). Second, they are
non-spiking neurons that encode signals by varying the release rate of neurotransmitter. This
property demands that photoreceptors utilize atypical Ca2+ channels to stimulate vesicle release,
accommodate a significant volume of vesicle cycling, and exhibit release that is highly sensitive to
small alterations in intracellular Ca2+. Because photoreceptors initiate vision—arguably humans’
most critical sensory modality—and are subject to degeneration through disease and injury, it is
vital to understand how they transmit their information in order to inform the design and evaluate
the efficacy of potential therapies.
The work presented in Chapter 2 studied the heterogeneity of Ca2+ signals at individual
photoreceptor ribbon active zones. Because mammalian cones contain multiple ribbons and contact
many postsynaptic cells at once, differences in release among ribbons, even within the same cell,
could confer differences among postsynaptic responses. In salamander cones, we found that V50
values of whole-cell ICa differed modestly, and that V50 values of Ca2+ influx at individual ribbon
sites within a cone varied with a standard deviation of approximately 2.5 mV. The latter result
suggested that when a cone depolarizes to -40 mV, the Ca2+ influx at two ribbons within a cone
could differ by >45% if the V50 values differed by 5 mV (2 SD). Because photoreceptor release is
approximately linearly related to Ca2+, such variability would likely lead to significant differences
in release among the ribbons. These findings suggest that an equivalent voltage stimulus is not
encoded identically among cones (ICa differed among cones) and that not every second-order cell
receives identical inputs from a single cone (Ca2+ influx differed among ribbons). The study also
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demonstrated that horizontal cell-photoreceptor feedback operates in a highly localized fashion.
Depolarizing a postsynaptic HC affected Ca2+ signals at some, but not all, ribbons within the
presynaptic cone. This finding is consistent with the hypothesis that the feedback mechanism
occurs locally within the anatomically isolated invagination where HC dendrites contact ribbons.
Because HCs alter Ca2+ influx at only a subset of a cone’s ribbons, HC feedback may either
exacerbate or reduce ribbon-to-ribbon Ca2+ differences within a cone. In sum, the work described
in Chapter 2 demonstrates that equivalent stimuli delivered to cones are not transmitted equally to
all postsynaptic neurons—even neurons that contact the same cone—and that lateral interactions
with HCs may exacerbate or reduce these small differences. The impact of these differences on
bipolar cell responses is predicted to vary depending on the number of contacts that a cone makes
with a particular bipolar cell. This work adds to the work that has described heterogeneity among
synapses in diverse neuronal contexts (Nusser, 2018). Is has become apparent that the output of a
single neuron may vary from synapse-to-synapse, which causes variable responses among
postsynaptic neurons. Underlying this output diversity are differences in the number, density, and
spatial arrangement of proteins, such as Ca2+ channels, that participate in presynaptic exocytosis
(Éltes et al., 2017; Holderith et al., 2012; Nusser, 2018). Therefore, two synapses between a pair of
neurons should not be assumed to be functionally equivalent. Diversity among individual synapses
presents an added layer of complexity to neuronal processing.
Chapter 3 describes the role of Syt1 in mediating neurotransmission in mammalian
photoreceptors. Our results demonstrate an integral role for Syt1 in linking Ca2+ influx to fast,
phasic vesicle release that occurs at ribbons. The results also show that Syt1 also mediates the
sustained mode of release that occurs in photoreceptors in darkness because ERG b-waves, which
require sustained release, were significantly reduced in the absence of Syt1. The fast
synaptotagmins—Syt1, Syt2, and Syt9—are known to mediate the fast mode of synchronous
release that is required for temporal precision during action potential trains (Kochubey and
Schneggenburger, 2011; Xu et al., 2007). Photoreceptors are capable of similarly fast synchronous
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release, reflecting exocytosis of the RRP (Bartoletti et al., 2010; Rabl et al., 2005; Thoreson, 2007);
our results demonstrate that this phase of release is mediated by Syt1. During sustained release in
darkness, however, vesicles are not released synchronously but instead are released as they are
made available. During sustained release, the rate of vesicle release is understood to be limited by
the delivery of vesicles down the ribbon to release sites (Sterling and Matthews, 2005). Our results
demonstrate that Syt1 also mediates this release process, and therefore show that Syt1 is not limited
to mediating fast, synchronous release in neurons. Perhaps utilizing Syt1 ensures that vesicles are
released with minimal delay upon reaching release sites in photoreceptor active zones.
That a fast Ca2+ sensor mediates exocytosis in response to Ca2+ elevations not driven by
action potentials is not totally unprecedented. Mast cells degranulate (i.e., exocytose granules)
filled with immune-regulatory molecules in response to slow changes in Ca2+ largely from
intracellular Ca2+ stores. Mast cells utilize the fast sensor Syt2 to mediate this process (Kim et al.,
1997; Lorentz et al., 2012; Melicoff et al., 2009). In neurons, Syt2 functions similarly to Syt1 and
in fact mediates release with even faster kinetics than Syt1 (Xu et al., 2007). Therefore, like
photoreceptors, mast cells also seem to utilize a fast Ca2+ sensor to mediate exocytosis; the kinetics
of exocytosis in these cells appears to be dictated or limited not by the Ca2+ sensor, but by Ca2+
dynamics and the delivery of intracellular vesicles to release sites. Adrenal chromaffin cells exhibit
action potentials and release catecholamines via Ca2+-dependent exocytosis mediated by Syt1 (fast
phase) and Syt7 (slow asynchronous phase) (García et al., 2006; Nagy et al., 2006; Schonn et al.,
2008; Voets et al., 2001). Despite these similarities with many neurons, the Ca2+ dependence of
release in chromaffin cells exhibits low Ca2+ cooperativity, similar to photoreceptors (Voets, 2000;
Voets et al., 2001).
We found the Ca2+ cooperativity of release to be lower than most neurons (n = 2.7). While
cooperativity is generally considered to be the minimal number of Ca2+ binding steps the sensor
must undergo before catalyzing fusion, our results suggest that other factors may determine
cooperativity. It is unlikely that Syt1 in photoreceptors is intrinsically different than Syt1 in other
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neurons and binds fewer Ca2+ ions between its C2 domains. As mentioned before, some studies
have shown that multiple factors can influence cooperativity, so it is possible that these other factors
allow Syt1 to trigger fusion in photoreceptors with fewer bound Ca2+ ions. Identification of the
cooperativity-modulating factors in photoreceptors will require further studies.
Various strategies are being pursued in the quest to restore sight to the blind retina,
including therapies involving optogenetic and chemical restoration of light-driven neuronal
responses within the retina (Sahel and Roska, 2013; Tochitsky et al., 2018) and prosthetic
stimulation of retinal and cortical neurons (Garg and Federman, 2013; Lewis et al., 2015; Shepherd
et al., 2013). Stem cell therapies to regenerate retinal neurons, including photoreceptors, are also
being pursued for blinding degenerative diseases (Barber et al., 2013; MacLaren et al., 2006;
Pearson et al., 2012; Ramsden et al., 2013). These strategies rely on understanding accurate signal
transmission within the retina to recapitulate vision therapeutically. Most approaches, including the
optogenetic, chemical, and prosthetic modes of visual restoration, typically bypass photoreceptors
because photoreceptors have degenerated in the disorders for which therapy is often initiated and
because inner retinal neurons are more therapeutically accessible (Garg and Federman, 2013;
Tochitsky et al., 2018). While such therapies hold promise, bypassing photoreceptors necessarily
limits their potential to fully restore retinal function. On the other hand, stem cell therapies look to
completely reconstitute photoreceptors and photoreceptor-mediated vision (Ramsden et al., 2013).
The success of such an approach will require a full understanding and restoration of photoreceptor
signaling, which in turn requires the presence of the typical battery of exocytotic molecules. Our
results describing the critical presence of Syt1 in mammalian photoreceptors suggest that Syt1
could be used as a marker to gauge the efficacy of the reformation of photoreceptor synapses after
stem cell implantation or photoreceptor development in retinal organoids (Llonch et al., 2018).
Furthermore, a more comprehensive characterization of rod and cone physiology could provide a
reference for evaluating the function of regenerated photoreceptors.
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